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The first two chapters of this dissertation detail the study of the newly recovered Holland
Farm nodosaur (SMU 77100) from the Eagle Ford Group (95.29 ± 0.04 MA) of Mansfield in
north central Texas. The objectives of this research are (1) to describe the anatomy of the
Holland Farm nodosaur, (2) to determine its phylogenetic position within Ankylosauria, (3) to
elaborate the substantial differences in body size and osteoderm morphology in armored
dinosaurs occurring in north central Texas during the short duration of the Late Albian and Early
Cenomanian, and (4) to provide a radiometric date for the lowermost member of the Eagle Ford
Group in Dallas County.
The third chapter of this work tests the potential for large bodied Cretaceous marine
diapsids to maintain elevated body temperatures, as suggested by a number of recent studies.
This analysis focuses on comparing the body temperature of two mosasaurines, Globidens
phosphaticus and Prognathodon kianda, with that of poikilotherms from the Bench 19 fauna of
vi

Bentiaba, Angola. This locality is temporally well constrained, and allows for the comparison of
body temperature among sympatric taxa, which has not been feasible in previous studies of this
nature. Evidence of elevated body temperatures will greatly enhance our understanding of the
paleobiology of one of the dominant groups of Late Cretaceous marine predators.
The fourth chapter of this dissertation is a continuation of my master’s research
describing the anatomy, ontogeny, and paleoecology of a new pipid frog from the Miocene of
Ethiopia. In addition to naming a new genus of xenopodine pipid, this chapter advocates for the
recognition of Silurana as a genus distinct from Xenopus. The new pipid named here provides
morphological support and a chronologic framework to existing molecular studies in support of
Silurana
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CHAPTER 1

Chronological constraints for the outcropping lower Eagle Ford Group in the Dallas/Fort Worth
area, Texas

1.1 Geology of the Eagle Ford Group
The Eagle Ford Group represents an early Late Cretaceous marine sequence bridging the
Cenomanian-Turonian boundary. It sits unconformably atop the Woodbine Formation and is
overlain unconformably by the Austin Group, the three of which form a classic transgressive
sequence (Jacobs et al., 2005). It includes four members in the DFW area (Jacobs et al.,
2013), more commonly recognized as formations (Myers, 2010) (Fig 1.1A). The lowermost
portion of the Eagle Ford contains 3-6m of interbedded sands and limestone flags grading
upward into shales (Trudel, 1994) and characterized by the presence of the Conlinoceras
tarrantense ammonite zone, which has been dated to 95.78 ± 0.61Ma in other sections
(Kennedy and Cobban, 1990; Obradovich, 1994) and 95.73 by Cobban et al. (2006). This
sandy member records a series of minor regressive/transgressive cycles (Trudel, 1994), and
yields the marine squamate Coniasaurus, the ornithocheiroid pterosaur Aetodactylus halli,
indeterminate pterosaurid and pteranodontoid limb elements, and isolated teeth attributed to
1

the plesiosaur Brachauchenius (Bennett, 1994; Gilmore, 1935; Myers, 2010; Andres and
Myers, 2013; Jacobs et al., 2013).). In outcrop, the unit has been named the Tarrant
Member/Formation and has been referred to both the Eagle Ford Group and, by some (Denne
et al., 2016) to the Woodbine Formation. This lower sandy unit is overlain by 100 m of dark
shales of the Britton Formation,, from which the plesiosaurs cf. Brachauchenius and
Libonectes morgani (Jacobs et al., 2013) and the pterosaur Cimoliopterus (Myers, 2015)
were collected. Separating the lower and upper Eagle Ford is the Kamp Ranch Limestone
Member, which contains a number of bioclastic beds comprised largely of inoceramid
mollusk fragments (Meier, 1964). This unit varies in thickness
from 1.0 m to 1.5 m in Dallas County, and thickens to 4.0 m to the south in Ellis County
(Norton, 1965). Some authors (Norton, 1965; Pessangno; 1969; Kennedy, 1988; Kennedy
and Cobban, 1990) have recognized unconformities in the lower Eagle Ford due to the
absence of microfossil assemblages, but others (Valentine, 1984; Jacobs et al., 2005) have
not recognized a significant unconformity below the Kamp Ranch. The uppermost 30 m of
the Eagle Ford (Arcadia Park Formation) are comprised of shale, and have yielded the
mosasaurs Russellosaurus coheni, Dallasaurus turneri, and indeterminate tylosaurine
material (Polcyn et al., 2008). The upper Eagle Ford is missing 60% of expected ammonite
biozones (Jacobs et al., 2005). Eight of the twenty Western Interior Seaway ammonite zones
are known from the Eagle Ford Group in the Dallas area and have constrained its age to
between 95.78±0.61 and 90.21±0.72 Ma (Kennedy, 1988; Kennedy and Cobban, 1990;
Jacobs et al., 2005). The Cenomanian-Turonian boundary, definitively placed in Colorado by
the first occurrence of the ammonite Watinoceras devonense, is dated to 93.9 Ma (Kennedy
et al., 2005b; Kennedy et al., 1999; Cohen et al., 2013; Meyers et al., 2012). The age of the
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Eagle Ford is further supported by unpublished bentonite ages of 85.08±1.66 in the overlying
Austin Group (reported without primary data in Meyers, 2010; Jacobs, 2005).

Fig 1.1 Stratigraphy of the Eagle Ford Group and Holland Farm Locality. (A) Generalized Eagle
Ford Groupstratigraphy showing its relationships with the adjacent Woodbine and Austin
Formations. (B) Measured section from the Holland Farm nodosaur locality.
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1.2 Stratigraphy of the Holland Farm Locality
The Holland Farm fossil site is located in the corner of a strip mall at 1530 E Debbie Ln,
in Mansfield, Texas. The exposed section is shown in figure 1.1B. Cemented red sandstone
characteristic of the underlying Woodbine Formation is found 1-1.5 m below the measured
section (exposed less than 150m to the southwest). The matrix encasing the fossil consists
primarily of a light brown calcareous sandy mudstone. Based on the stratigraphic proximity to
the Woodbine Formation and the lithology of the site, the Holland Farm locality is placed in the
Tarrant Member of the Eagle Ford Group. The stratigraphic section of the locality is cut off at
the base by the curb of the parking lot adjacent to the locality. Extending upwards from the curb
is 1 m of laminated mudstone. The Holland Farm locality contains two bentonite ash layers 51
cm apart which bracket the light brown calcareous sandy mudstone which contains Holland
Farm nodosaur (SMU 77100). Eldrett et al. (2015) reported 206U/238PB dates ranging between
98.44 ±0.22 Ma and 90.776 ±0.080 Ma for the Eagle Ford Group from a succession of bentonite
ashes in the Iona-1 core in Zavala County, Texas, but no dates have yet been reported for the
Eagle Ford Group in outcrops from Dallas-Tarrant County area. Overlying the upper ash bed is
54 cm of silty clay. The remaining 64 cm of the stratigraphic profile is covered.
1.3 Radiometric Dates
Two bentonite ash layers were found at the Holland Farm locality. The dinosaur was
laying directly above the lower of these layers. The upper layer rested 50 cm above the
specimen. Samples of each ash layer were sent to the Isotope Geochemistry Laboratory at Boise
State University for analysis. Zircon grains were separated from the ash through use of water
table, magnetic separation, and heavy liquid filtration. Crystals were then placed in quartz
beakers and annealed in a muffle furnace at 900°C for 60 hours. The grains were then mounted
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in epoxy, polished to expose their centers, and imaged using a JEOL-JSM-13 scanning electron
microscope and Gatan MiniCL. The age of 49 zircons from the lower ash layer was determined
by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS). Seven zircon
grains deemed to be non-inherited were selected for chemical abrasion isotope dilution thermal
ionization mass spectrometry (CA-TIMS) modified from the methods of Mattison (2005). Eleven
grains from the upper ash were also subjected to CA-TIMS.
Grains selected for CA-TIMS analysis were partially dissolved in 120 µl of 29 M HF at
190°C for 12 hours. HF was then removed and the samples ultrasonically cleaned for one hour in
3.5 M HNO3 at 80°C. After being rinsed in ultrapure water to remove dissolved zircon, the
crystals were spiked with EARTHTIME mixed 233U-235U-205Pb tracer solution and fully
dissolved in 29 M HF at 220°C for 48 hours. The samples were then dried and re-dissolved in 6
M HCL overnight before U and Pb were extracted using HCl-based anion-exchange
chromatography (Krogh, 1973). U and Pb were then loaded onto a Re filament and measured in a
GV Isoprobe-T multicollector thermal ionization mass spectrometer equipped with an ioncounting Daly detector.
LA-ICPMS analysis of 49 zircons from the lower ash yielded dates between 88 and 1925
Ma, with a peak at 98 MA. The interpreted igneous crystallization age of the six youngest dates
recovered by CA-TIMS is 95.29 ± 0.04 MA. CA-TIMS analysis of the upper ash gave a
weighted mean of 95.29 ± 0.04 MA and 95.28 ± 0.03 MA, based on the seven youngest dates.
The recovered dates are plotted on figure 1.2.
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Fig 1.2. Plot of 238U/206Pb dates from single grains and fragments of zircon from HFN-above and
HFN-below analyzed by CA-TIMS. Plotted with Isoplot 3.0 (Ludwig, 2003). Error bars are at
the 2 sigma. Weighted mean dates are shown and represented by gray boxes behind the error
bars. Figure provided by the Isotope Geochemistry Laboratory at Boise State University.

1.4 Micropaleontology
Sediments collected directly from the locality and from the jacket containing the Holland
Farm nodosaur were screen washed at SMU and by SMU volunteer Larry Bell using screens
with diameters of 0.5 and 0.25 mm. Each size fraction was then inspected under a binocular
microscope and vertebrate material and foraminifera were separated for identification (Figs 1.31.5). Foraminifera identified at the Holland Farm locality include Globigerinelloides caseyi,
Guembilitria harrisi, and Heterohelix moremani. These are common elements of the late Albian-
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Cenomanian epicontinental sea fauna (esf) and shallow water fauna (swf) described by Leckie
(1987). Hedbergella is considered to have been tolerant of salinity, while Heterohelix is
associated with low oxygen conditions (Denne et al., 2016). The chondrichthyans Ptychodus sp.
and Cretoxyrhina sp. were also recovered (Figure 1.X). Teeth of the small marine squamate
Coniasaurus were also identified in the screen washed material (Figure 1.X). The Tarrant
Member is the basal occurance of Coniasaurus sp. locally, but these animals are known from
throughout the remainder of the Eagle Ford Group and into the Austin Group above. The
presence of these taxa is consistent with a shallow marine setting.

Fig 1.3. Representative chondrichthyan teeth from the Eagle Ford Group. (A) Ptychodus sp. (B)
Cretoxyrhina sp. Scale bar equals 5 mm.
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Fig 1.4. Coninasaurus sp. left dentary fragment (SMU 77651), medial view, SMU Loc. 541,
Holland Farm, Eagle Ford Group. Scale bar equals 5 mm.

1.5 Interpretation and Discussion
The bentonites at the Holland Farm locality provide the first radiometric date for the
Eagle Ford Group in the DFW area. The precision of these dates and their stratigraphic positions
provide strong chronologic constraints for the Lower Eagle Ford Group and the underlying
Woodbine Formation. They also allow more accurate correlation with the extensive core data for
these and associated formations known from South Western Texas. The volcanic origin of the
dated horizons, as well as the presence of both terrestrial and marine faunal remains at this site
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allows for increased correlation of the marine and terrestrial records. Radiometric dates from the
Holland Farm locality correlate with bentonite bed 6 (Lower Eagle Ford, depth 124.78 m, single
youngest date 95.3 ±0.18 Ma) from the Lower Eagleford in the Iona-1 core (Eldrett at al., 2015).
This ash bed is included in the Rock Pens Member of the Boquillas Formation of West Texas.
Microfossils indicate that this is an open water environment, although still nearshore based on
the prevalence of fine-grained terrigenous sediment. Depth of deposition is below wave base
based on the fine horizontal laminations in the sediment.
(<0.5cm) with no indications of bioturbation.
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These laminations are very fine

CHAPTER 2
A new Nodosaurid (Ornithischia, Ankylosauria) from the lower Eagle Ford Group of North
Central Texas

Ankylosauria are a clade of ornithischian dinosaurs first known from the late Jurassic and
reaching peak diversity in the Late Cretaceous. Ankylosauria are placed sister to Stegosauria
within Thyreophora (ornithischians possessing a parasagittal row of keeled scutes on the dorsal
body surface, lateral rows of low-keeled scutes on the dorsal body surface, ventrally excavated
scutes, median palatal keel, tall pterygoid and vomer, one or more supraorbitals incorporated
into the orbital margin, and a jugal orbital bar with a transversely broad orbital rim), which is in
turn sister to the remainder of Genosauria (Ankylosaurus, Triceratops, their most recent common
ancestor, and all of its decedents) (Norman et al., 2004). Ankylosauria contains two families,
Nodosauridae and Ankylosauridae, and is characterized by the extensive development of dorsal
and cranial armor formed by fused osteoderms (Brown, 1908; Vickaryous et al., 2004).
Nodosaurid ankylosaurs possess the following unambiguous synapomorphies: ornamentation on
the premaxilla, an occipital condyle formed only from the basioccipital, and a rounded
protuberance on the supraorbital boss. The presence of a knoblike acromion process is an
ambiguous synapomorphy for the group (Vickaryous et al., 2014).
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The specimen under consideration, SMU 77100, was collected from a construction site
on the former Holland Farm property in Mansfield, Texas (see chapter 1), in April 2015, by a
team from Southern Methodist University after its discovery by local fossil hunters Tim and
Wylie Brys. It is referred to Nodosauridae due to the characteristic pattern of cranial osteoderms
(large subcircular osteoderm covering majority of posterior skull roof, anteroposteriorly narrow
osteoderm forming the posterior margin of the skull table) described by Sereno (1986), although
these were rejected as a true synapomorphies of Nodosauridae by Lee (1996). None of the six
cranial characters determined by Lee (1966) to be synapomorphic for the group (hour-glass
shaped palate, hemispherical occipital condyle composed of basioccipital only, set off from
braincase on a short neck and angled about 50⁰ ventrally from the line of maxillary tooth row,
quadrate angled rostroventrally, prominent W-shaped basioccipital tubera, anteriorly concave
and anteroposteriorly flattened quadrate, transversely continuous and straight posterior margin of
the pterygoid aligned with the quadrate shaft) are preserved in SMU 77100. Two of the
unambiguous synapomorphies noted by Vickaryous et al. (2014) (ornamentation of the
premaxilla, rounded supraorbital boss) are observed. The Holland Farm specimen is the first
ankylosaurian remains from the Eagle Ford Group. Its recovery from a marine deposit is
consistent with the occurrence of nodosaurid ankylosaurs in coastal marine settings (Arbour et
al., 2016; Carpenter et al., 1995; Coombs, 1995; Coombs and Deméré 1996; Ford and Kirkland,
2001; Horner, 1979; Jacobs et al., 1994; Leahey et al., 2015; Lee, 1996).
2.1 Systematic Paleontology
DINOSAURIA, Owen, 1842
ORNITHISCHIA, Seeley 1888
ANKYLOSAURIA, Osborn, 1923
10

NODOSAURIDAE, Marsh 1890
Ferropectis gen. nov.
Type and only known species- Ferropectis brysorum, sp. nov.
Etymology- The generic name is derived from the Latin Ferrum (iron) and pectis (chest, body) in
reference to its robust thoracic armor.
Diagnosis- As for species.
Ferropectis brysorum, sp. nov.
Diagnosis- A nodosaurid ankylosaur possessing the following combination of characters
(character:state, see appendix I for character definitions): lateral rim of supraorbitals forms a
ridge (38:2, derived), presence of a ciliary osteoderm (41:1, derived), Jugal horn U-shaped in
dorsal view (47:1), length of jugal horn base is 110% or greater the length of the orbit (49:2,
derived), basal surface of osteoderms is gently concave (156:1).
Etymology- The specific name is given in honor of the specimen’s discoverers, Tim and Wylie
Brys.
Holotype- The holotype for Ferropectis brysorum is SMU 77100, a semi-articulated anterior
partial skeleton including the cranium, cervical, pectoral and dorsal osteoderms, six dorsal
vertebrae, and one caudal vertebra, seven partial ribs, a partial left pectoral girdle, left humerus,
right radius and ulna, left femur, and manual elements
2.2 Cranial Anatomy
The skull is longer (37cm) than wide (29.4cm) (Fig 2.1). Cranial elements ventral to the
jugal horn crushed against the palate (Fig 2.2). As in other nodosaurs the skull is covered
11

dorsally and laterally with a series of dermal plates that obscure the relationships of the
dermatocraniuim and cranial fenestrae. The arrangement of cranial armor is most similar to that
seen in Borealopelta markmitchelli, with a large frontoparietal caputegulum, more than 20 flat
polygonal nasal caputegula, and a trapezoidal nasal caputegulum. These capetegula have a
slightly pitted texture. The posterior margin of the skull bears a prominent nuchal ridge that
extends to the lateral edges of the skull and is demarcated by
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Figure 2.1 Ferropectis brysorum skull in dorsal view. Scale bar equals 10 cm.
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Figure 2.2. 3D model of Ferropectis brysorum holotype skull in dorsal (A), ventral (B), and left
lateral (C) views.

a distinct groove. A continuous supraorbital ridge forms the dorsal margin of the orbit. Posterior
to the supraorbital ridge is a wide, blunt squamosal horn. The squamosal horn is pyramidal in
cross section. The jugal horn is robust and projects ventrolaterally from the posterior margin of
the orbit. It is U-shaped in dorsal view. A ciliary osteoderm similar to that observed in
Pawpawsaurus campbelli is preserved resting atop the jugal horn. This osteoderm is 4 cm in
14

length, 0.5cm wide, and 1 cm in height. The rostrum tapers anteriorly to a blunt anterior margin.
The respiratory passage is arched and occupies the entire width of the rostrum. Its dorsoventral
height is obscured by crushing and distortion of the skull. The ventral portion of the skull is
poorly preserved and missing the majority of palatal and basicranial elements (Figure 2.3). The
basisphenoid is unpaired and bears a ridge running anterior-posteriorly along the midline. The
paired pterygoids articulate with the basisphenoid posteriorly. A tapering anterior process
projects towards the posterior portion of the vomera. The quadrates are expanded mediolaterally
at the articular ends, with a robust rod-like midsection. They are ventrolaterally inclined and
articulate anteriorly with the quadratojugal. This element is completely co-ossified with the
quadratojugal horn and cannot be distinguished from that element at the resolution available. The
vomers are elongate and narrow, articulating anteriorly with both the premaxillae and the
maxillae. The premaxilla is broad and squared off anteriorly. No premaxillary alveoli are present.
The posterior process of the premaxilla forms the lower margin of the nasal aperture and forms a
brief secondary pallet. The anterior surface of the bone is rugose, suggesting the presence of a
keratinous covering as occurred in Pawpawsaurus campbelli (Lee, 1996). The trapezoidal nasal
caputegulum obscures the dorsomedial aspect of the premaxilla. Seventeen teeth make up the
maxillary tooth row, which curves medially approximately midway along the length of the
maxilla. The crowns are mesial-distally broad at the base, tapering to a point at the apex. The
margin of each tooth is denticulate. The maxilla possesses a well-developed buccal shelf which
extends ventrolaterally. The outer margin of this shelf is slightly above the tooth row.

15

2.3 Postcranial Anatomy
Axial skeleton
The dorsal vertebral centra have broad anterior and posterior faces, taller than they are
wide (Fig 2.4). The centrum is strongly medially constricted giving the element an I profile in
ventral view. The constricted portion of the centrum has a slight ventral keel running along the
midline. The vertebral canal is roughly circular on anterior dorsal vertebrae. It expands vertically
in more posterior vertebrae, forming a vertically oriented ellipse with a ventral expansion. The
pedicle occupies the entirety of the medially constricted portion of the centrum. The neural spine
is broad and strongly inclined posteriorly. The transverse processes are robust and extend at an
angle of 45° from the vertical axis of the vertebrae. They widen on an anteroventrally inclined
plane as they extend away from the centrum.
A single posterior caudal vertebra was recovered. This element is elongate and laterally
compressed, expanding slightly towards the anteriorly and posteriorly. The anterior and posterior
faces of the centrum are not preserved, nor is the neural arch or spine. The prezygapophyses
project anterolaterally, with a developed not on the anterior face.
The dorsal ribs are sharply curved at the proximal end, resulting in invagination of the
spinal column (Fig 2.5). This portion of the rib is pronouncedly T-shaped and robust. The taper
becomes gradual moving toward the distal end of the element, with the cross section
transitioning first to a triangular form before narrowing into a mediolaterally compressed oval.
No ribs are preserved in their entirety or articulated with vertebral elements.
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Fig 2.3. Ferropectis brysorum dorsal vertebrae. (A-C) Anterior dorsal vertebra in anterior,
lateral, and ventral views. (D-F) Posterior dorsal vertebra in anterior, lateral, and ventral views.
Anterior is to the left. Scale bar equals 5 cm.
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Fig 2.4. Ferropectis brysorum caudal vertebra. (A) Dorsal view. (B) Lateral view. Anterior is to
the left. Scale bar equals 1 cm.
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Appendicular skeleton
The humerus is 45 cm in length (Fig 2.7 A). The head is subspherical and extends onto
the medial process. This process is triangular and extends dorsomedially from the humeral head.
The deltopectoral crest extends laterally, running from the humeral head to a point distal to the
midshaft. The distal epicondyles are mediolaterally expanded, but poorly preserved, obscuring
details of the articular surface. The lateral and medial condyles appear to be roughly equally
developed. The shaft of the humerus curves slightly posteriorly as it approaches the distal end.
The humerus of Ferropectis brysorum differs in proportions from the indeterminate nodosaurid
humerus described by Lee (1996) from the Woodbine Formation (SMU 73057, Fig 2.6 B). Its
midshaft is more robust relative to the total length of the bone, with a more extensive
deltopectoral crest. The medial process of the humeral head extends dorsomedially, rather than
medially, and is not inclined anteriorly as is the case in SMU 73057.
The radius is 34 cm in length measured along the cranial edge (Fig 2.8 A). It has an oval
cross section that flattens and expands at the proximal and distal ends. The medial circumference
is 14.5 cm. The lateral surface of the bone bears a blunt ridge approximately midway along the
shaft for articulation with the ulna. This ridge is 12 cm in length and 3 cm in maximum width.
The articular surfaces of the bone have been damaged by erosion. The proximal articular surface
bears part of a cuplike fossa, opening caudolaterally and bordered by a small ridge. The distal
end of the radius is angled, with the cranial margin extending further posteriorly than the caudal
margin.
The ulna is 42 cm in length (Fig 2.8 B). The olecranon process is massive and curves
medially. It comprises approximately 25% of the total length of the bone. The caudolateral
surface of the olecranon bears rugose muscles scars for the insertion of m. triceps brachii. The
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Figure 2.5. Ferropectis brysorum radius and ulna in medial (A and B) and lateral (C and D)
view. Scale bar equals 10 cm.
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articulation point for the radius is formed by a shallow fossa on the ventral margin of the
olecranon, bordered caudoventrally by a distinct ridge. The medial surface of the bone directly
distal to the olecranon process is shallowly concave. The distal end of the bone is straight with a
rounded cross section 17.5 cm in circumference. Erosion has resulted in the loss of the distal
articular surfaces. Comparison to the length of the radius and the proportions of these elements in
other nodosaurs indicates that there has not been significant loss of total length.
Metacarpals II and III are preserved in their entirety (Fig 2.8 A and B). The distal end of
metacarpal I is also preserved, as a rounded trapezoidal articular surface. Digit II is robust and
measures 9.5 cm in length, with a medial circumference of 10.3 cm. The proximal and distal
articular surfaces are roughly trapezoidal with rounded corners. Metacarpal III is longer and
more slender (10 cm in length, medial circumference of 9.5 cm). The proximal articular surface
is a rounded triangle, while the distal end is trapezoidal similar to that of digit II. A distal
phalanx of unknown digit preserves a flat proximal surface, with a rounded distal articular facet.
A single ungual is preserved. The proximal surface is shallowly concave and oblong in cross
section. There is a marked ventral curvature and dorsal-ventral taper along the length of the
element, which is broadly rounded at its terminal end. The surface of the element appears highly
vascular.

21

Fig 2.6. Ferropectis brysorum manual elements. (A) Distal end of metacarpal I. (B) Metacarpal
II. (C) Metacarpal III. (D). Distal phalanx. (E and F) Ungual phalanx. All views are dorsal,
except F, which is lateral. Scale bar equals 5 cm.
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The femur is a straight and massive, expanded at the proximal and distal ends in cranial
view (Fig 2.9). The femoral head is directed dorsolaterally, as is typical for nodosaurs
(Vickaryous et al., 2004). It intersects the long axis of the femur at an angle of ~124°. The
greater and lesser trochanters have been obliterated. The ridge shaped fourth trochanter is located
on the distal third of the femur. The distal articular surface of the femur has also experienced
significant erosional damage, resulting in almost complete loss of both epicondyles. The remains
of the medial epicondyle are expanded medially. The popliteal fossa is oval in shape and
bordered by a ridge on the dorsomedial margin A shallow intercondylar groove is visible in
posterior view, distal to the popliteal fossa.
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Fig. 2.7. Ferropectis brysorum femur. (A) Anterior view. (B) Posterior view. Abbreviations:
4Tr-fourth trochanter. Scale bar equals 10 cm.
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2.4 Dermal Armor
SMU 77100 preserves articulated cervical and partial articulated transitional and thoracic
osteoderms arranged in a series of longitudinal bands across the dorsal surface of the body. The
dorsal osteoderms preserved in situ will be designated using the nomenclatural convention
proposed by Brown (2017b), in which each osteoderm is assigned an alpha-numeric designator
indicating its region, row, position relative to the midline, and side of the body. Using this
system, the medial most osteoderm on the right side of the first cervical half ring would receive
the designation C1AR (cervical region, 1st row, midline, right side). When multiple adjacent
osteoderms or mirrored left and right sides are referred to a range of positional letters will be
given.
Ferropectis brysorum possesses three cervical half-rings comprised of closely abutting
osteoderms. No underlying bony bands are present. C1AR/L are rectangular in dorsal view, with
a pronounced medial keel and a smaller, secondary keel along the lateral margin. C1BR/L are
asymmetrically trapezoidal. C1BL does not preserve a complete lateral margin. The posterior
lateral margin of C1BR is expanded and forms a spine extending over the anterior border of
C2BR. C1CR is anterior-posteriorly longer than C1BR, and lacks the expanded posterior spine.
C2AR is rectangular relative to the midline of the body, but expands laterally along its posterior
margin, forming an irregular quadrilateral shape. It is also marked by a strong medial keel and
lesser lateral keel, as seen in the C1 series. The overall shape of C2BR is obscured by the
imbrication of C1BR, as well as lateral rotation relative to C2AR. The posterior margin of this
element is triangular, and it bears a strong keel parallel to the midline of the body. C3AR is a
strongly rounded triangle, with a low keel running parallel to the axis of the body. C3B?R has
rotated laterally and forward, and is obscured by C2AR. It is more expansive posteriorly than
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Fig 2.8. Ferropectis brysorum dermal armor. (A) SMU 77100 (B) Interpretation of same. Scale
bar equals 10 com. Abbreviations: m- manual phalanx; sk- skull; r- rib; fcr- first cervical
halfring; scr- second cervical halfring; tcr-third cervical halfring; pss-parascapular spine; ot26

ossified tendon; v-vertebra, sc-scapula; h- humerus. Cervical osteoderms are green, blue, and
red. Transitional osteoderms are purple, thoracic osteoderms are yellow. Scale bar equals 10 cm.

C3AR and has a more pronounced medial keel. A fragment presumed to be C3CR is also
preserved, but its overall shape cannot be inferred. C3CL is a rounded triangle, with the
hypotenuse parallel to the midline of the body. The cervical series on the left side is likewise
highly fragmentary after the C1 series, with the exception of C3CL.
One osteoderm from the transitional series is preserved, TRBR. This element is roughly
triangular, but curves posteriorly as it extends laterally to a blunt point. The base is rounded and
medially expanded.
The parascapular spine (T1?L, Fig 2.11) is the lateral-most element in the first thoracic
row. It is anteriorly-posteriorly broad, tapering to a blunt point as it extends posteriorlaterally.
Dorsoventral crushing obscures its true thickness, although thickness as preserved is X cm.
Three other thoracic osteoderms are preserved, but without surrounding osteoderms cannot be
assigned designations. These elements are oblong, with the long axis parallel to the body and a
midline keel.
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Fig 2.9. Ferropectis brysorum parascapular spine. Scale bar equals 10 com.

Two osteoderms were found associated with the ulna (Fig 2.12). The first is oblong with
a gently concave base. It is triangular in cross section, giving it a strongly keeled appearance.
The second is likewise oblong, but has a flat basal surface. It also possesses a triangular keep, but
this is restricted to the midline. The lateral surfaces of both osteoderms bear a series of shallow
pits, suggesting that a keratinous covering was present.
2.5 Phylogenetic Analysis
Ferropectis brysorum was coded and added to the matrix of Brown et al. (2017), which
included 177 characters coded for 44 ankylosaur taxa and three outgroup taxa (Lesthosaurus
diagnosticus, Scelidosaurus harrisonii, and Huayangosaurus taibaii). The final matrix
analyzed for this study contains 48 taxa and 177 characters, of which 42 could be coded for
Ferropectis brysorum (Appendix I). The analysis was performed in TNT using the traditional
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search method (Wagner trees with random addition sequence) and tree bisection algorithm
(TBR) with 1000 replications. This analysis returned 100 most parsimonious trees of 502 steps.
A strict consensus of these 100 trees (Fig 2.13) recovers Ferropectis brysorum as a derived
nodosaur sister to B. markmitchelli. Pawpawsaurus campbelli is recovered as the sister to the
clade containing Ferropectis brysorum and B. markmitchelli. Ferropectis brysorum and B.
markmitchelli, although highly derived within Nodosauridae, demonstrate a marked convergence
with ankylosaurid cranial morphology. They share three character states which are rarely seen in
Nodosauridae, but are broadly distributed in Ankylosauridae. These are a posterior margin of the
skull wider than across the orbits (5:0), superorbitals forming a sharp lateral rim or ridge (38:2),
and the jugal horn base greater than or equal to 110% of the orbit width (49:2). All members of
Nodosauridae more derived than Gargoyleosaurus except Ferropectis and Borealopelta possess
the derived state for this character, in which the skull is widest over the orbits. Character states
38:2 is only seen outside of Ankylosauria in Garoyleosaurus, Ferropectis, and Borealopelta.
Character 49:2 is a synapomorphy for Ferropectis and Borealopelta within Nodosauridae, but is
homologous with derived Ankylosauria. Ferropectis can be distinguished from Borealopelta by
the presence of a ciliary osteoderm (41:1), the U-shaped jugal/quadratojugal horn (47:1), and
gently concave osteoderm bases (156:1). A ciliary osteoderm and U-shaped jugal/quadratojugal
horn are also present in Pawpawsaurus campbelli.
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Fig 2.10. Strict consensus of 100 most parsimonious trees of 502 steps. Selected Bremmer
support values are given underneath the branches.

2.6 Discussion and Conclusions
Ferropectis brysorum is amongst the most precisely dated dinosaurs known. Many
nodosaurs are only known from a single partial skeleton or skull, often with extremely poor
chronologic constraints. The tightly constrained age of the Ferropectis brysorum holotype not
only allows for a better understanding of the chronologic range of this animal, but also that of its
sister taxa. Borealopelta markmitchelli and Pawpawsaurus campbelli are each known from only
a single specimen, (early Albian and late Albian, respectively). Based on the recovered
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phylogenetic relationship between these taxa it can be implied that the divergence between
Pawpawsaurus and the Ferropectis/Borealopelta clade occurred sometime in the early Albian
(Albian: 113-100.5 Ma) based on the age assigned to Borealopelta by Brown et al. (2017).
Brown (2017) found that the osteoderms in the cervical and pectoral region of nodosaurs
are highly variable and species specific, making them valuable as a diagnostic feature between
taxa. This also suggests a component of socio-sexual display in their evolution, similar to that
believed to occur in other ornithischian clades with elaborately exaggerated features such as
hadrosaurs and ceratopsians. The characters that differentiate Ferropectis from Borealopelta and
Pawpawsaurus are features of the cranial ornamentation and cervical and pectoral armor, and are
thus likely to be diagnostic. The split between these three taxa can be implied to have occurred
sometime in the early Albian (113-100 Ma) based on the age assigned to Borealopelta by Brown
et al. (2017).
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CHAPTER 3
A Test of Endothermy in Mosasaurs from the Late Cretaceous of Angola

Many extant amniotes are able to regulate and maintain constant internal temperature,
which has critical biological implications, through a variety of behavioral or physiological
mechanisms. However, internal temperature is difficult to measure quantitatively in extinct
organisms. Recently studies in which the δ18O values of tooth enamel fluorapatite from large
bodied Cretaceous marine diapsids were compared to that of generally contemporaneous
presumed poikilothermic fish have suggested that mosasaurs and plesiosaurs maintained elevated
body temperatures (Bernard, 2010; Harrel et al., 2016). The twelve mosasaur specimens
analyzed by Bernard (2010) range from Late Coniacian to Late Maastrictian in age and were
recovered from localities in The United States, Morocco, The Netherlands, Sweden, Israel, and
Jorden. Harrel et al.’s data set included twenty-eight mosasaurs (nineteen enamel samples and
eight bone samples) from the Mooreville Chalk in Alabama and the Sharron Springs Formation
in South Dakota. The hypothesis of elevated body temperature in marine reptiles can be tested
through additional analyses of multiple taxa of mosasaurs associated with sharks and in the same
stratigraphic horizon of a single locality, for which water temperatures from bivalve δ18O have
been estimated (Strganac et al. 2015a, b).
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Mosasaurs were a highly successful clade of marine squamates that first appear in subtropical
waters at 98 Ma, but which achieved a cosmopolitan distribution by the time of their extinction
at the K-Pg boundary (Polcyn et al., 2014). Climate models based on δ18O of benthic
foraminifera suggest that ocean temperature declined in the Late Cretaceous, after reaching peak
temperatures in the Cenomanian (Friedrich et al., 2012). The cause of this temperature decrease
is not firmly established, although increased ocean circulation as a result of the opening of the
Equatorial Atlantic Gateway (EAG) has been implicated (Friedrich et al., 2012). Bernard et al.
(2010) and Harrell et al. (2016) have suggested that the success of marine diapsids in the cooling
waters of the Cretaceous would require the ability to maintain consistent internal body
temperature beyond that observed in modern marine diapsids, as inferred from enamel phosphate
δ18O values more negative than those of coeval presumed poikilothermic sharks and bony fish.
This work undertakes a similar approach to test for endothermy among taxa in the highly diverse
Bench 19 fauna from the Mocuio Formation at Bentiaba, Angola. The age of this assemblage is
extraordinarily well constrained to an interval between 71.4 and 71.62 Ma (chron C32n.1n)
through magnetostratigraphy and anchored by an 40Ar/39Ar radiometric date of 84.6 ± 1.5 Ma
(Strganac et al., 2015a; Husson et al., 2011). The Bench 19 fauna is arguably the most precisely
dated Late Cretaceous marine vertebrate fossil locality in the world and unquestionably so in
Africa. It is also among the most diverse marine amniote localities known. A faunal list for this
locality is given in Appendix II (Strganac et al., 2015a; Araújo et al., 2015a, 2015b).
3.1 Previous Work
δ18O is commonly used as a proxy for water temperature in paleoenvironmental studies.
The δ18O composition of calcite is dependent on water temperature and the δ18O of the seawater
from which it forms. The isotopic composition of the seawater is controlled on a global scale by
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the degree of glaciation which must be considered when δ18O is used as a paleotemperature
proxy. Due to the lack of glaciation in the Cretaceous it can be assumed for this study that
seawater δ18O is constant. When the isotopic composition of seawater is held constant, a δ18O
difference of 1‰ indicates a temperature difference of about 4⁰ C, as determined by studies on
captive fish in thermally and isotopically regulated aquaria (Pućeat et al., 2010). Strganac et al.
(2015b) sampled shell fragments from the marine bivalve Inoceramus throughout its
stratigraphic range in the Bentiaba section in order to determine local paleotemperature change
in the Late Cretaceous along the southwest African coast. Ocean δ18O was assumed to be
constant due to the global lack of glaciation in the Late Cretaceous and the minimal input of
meteoric water determined by the paleoenvironmental setting indicating coastal aridity. This
study recorded an increase in δ18O of ~2 ‰ between the Turonian and Campanian, which
suggests a decrease of roughly 10⁰ C in the waters along the coast of Angola. The Inoceramus
δ18O values at Bentiaba are offset from those reported from deep water localities by Barron et al.
(1984), which suggests a temperature difference of approximately -5⁰ between coastal and deep
ocean waters (Strganac et al., 2015b).
Studies of modern fish enamel by Kolodny et al. (1983) determined that the δ18O of
phosphates from these tissues reflects the isotopic signature of the water in which they formed,
and that accurate temperatures can be calculated from these δ18O values. This was demonstrated
using fish from both controlled farm ponds and from various depths in Lake Baikal, Russia. Fish
enamel has been used to determine ambient temperature in subsequent analyses of endothermy in
ancient marine amniotes (Bernard et al., 2010; Harrel et al., 2016) and to establish thermal
gradients in the low to middle latitudes during the Late Cretaceous (Pućeat et al., 2007).
Although the vast majority of cartilaginous and bony fish are poikilothermic, several lineages,
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such as lamnid sharks and tuna, have developed the ability to maintain elevated body
temperatures using vascular countercurrent exchange mechanisms in the swimming muscles,
eye, and brain (Bernal and Sepulveda, 2005; Watanabe et al., 2015). Elevated temperature is
reflected in the δ18O of their tissues; a study on southern bluefin tuna ootolith δ18O calculated
temperatures 3-5⁰C higher than the ambient water temperatures (Radtke et al., 1987). No
analyses of bony fish teeth from Bench 19 have yet been conducted.
Strganac et al. (2014) conducted δ13C isotopic studies on mosasaur teeth, analyzing the
geographically and chronologically well-constrained Bench 19 fauna at Bentiaba to determine
habitat partitioning strategies. Amongst the taxa sampled, Prognathodon kianda had the widest
δ13C isotopic range (-5.2‰ to -14.1‰, mean value of -10.1‰, n=21), suggesting a broad
foraging range. Globidens phosphaticus δ13C values were strongly negative, ranging between 10.8‰ and -16.1‰ (mean 13.0‰, n=11), consistent with the benthic foraging pattern suggested
for these animals. Medium to small taxa, including Mosasaurus sp., Halisaurus sp., and
‘Platecarpus’ ptychodon yielded average δ13C values of -11.6‰ (n=3), -7.2‰ (n=1), and -7.3‰
(n=2), respectively. All differences between taxa were found to be statistically significant, except
for those between Hailsaurus and ‘Platecarpus’. Strganac et al. (2015a) interpreted these values
to indicate habitat partitioning between different size classes of mosasaur at Bench 19.
Bernard et al. (2010) were the first to suggest that marine diapsids may have developed
endothermy and attempted to test this hypothesis using δ18O values from a range of ichthyosaur,
plesiosaur, and mosasaur taxa from sites in North America, Europe, Africa, Asia Minor, and
Australia. Mosasaurs included in their sample are Tylosaurus, Platecarpus, Prognathodon, and
Leiodon, and Mosasauridae indeterminate. Plesiosaurs sampled include Polyptychodon,
Cryptoclidus, Liopleurodon, Elasmosauridae indeterminate, and Plesiosauria indeterminate.
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Ichthyosaurs include Platypterygius, Ophthalmosaurus, Mixosaurus, and Ichthyosauria
indeterminate. δ18O values from the sharks and bony fish Squalicorax, Sphenodus, Hybodus,
Asteracanthus, Pachymylus, Lepidotes, Saurocephalus, Enchodus, Protosphyraena, Inocentrus,
and Cretalamna were included to determine the poikilothermic baseline. Taxonomic resolution
in this study was limited to the generic level in cartilaginous and bony fish, mosasaur, and
ichthyosaur taxa, and to the family level in plesiosaurs. The sample used in this study was drawn
from Europe, Africa, North America, Australia, and the Middle East and ranged in age from the
Early Jurassic to the Late Cretaceous. A major advantage of the current study over Bernard et al.
(2010) is the restricted geographic location and limited stratigraphic range of the sample animals.
Bernard et al. (2010) plotted the difference between diapsid and fish δ18O values (δ18ODδ18OF) against fish δ18O values (as a proxy for water temperature). If the slope of the resulting
regression line significantly differed from zero it was taken to indicate that body temperatures
were independent of ambient water temperature. A slope ≤ -1 would indicate complete
independence from ambient water temperature, and thus full endothermy. The slopes were
calculated to be –0.70 ±0.20 (R2 =0.588) for mosasaurs, –1.08 ± 0.27 (R2 = 0.480) for
plesiosaurs, and –1.38 ±0.20 (R2 = 0.937) for ichthyosaurs. This suggests that plesiosaurs and
ichthyosaurs maintained a body temperature independent of the surrounding water, while
mosasaur body temperature was only minimally impacted. Body temperature estimates given in
Bernard et al. (2010) range from 35⁰± 2⁰C for plesiosaurs and ichthyosaurs and 39⁰± 2⁰C for
mosasaurs. In a rebuttal Motani (2010) noted that these body temperature estimates failed to
consider depletion of δ18O over time, which occurs at an estimated rate of 0.02‰ per million
years (Veizer et al., 2000). This deletion is attributed to long term tectonic process due to
correlation between seawater 87Sr/86Sr signals and occurs on scales larger than observed
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phanerozoic icehouse/greenhouse cycles. Applying this correction factor yielded body
temperatures of approximately 24⁰C for all three marine reptile groups, with mosasaur body
temperature continuing to rise with ambient temperature. While these temperatures are certainly
higher than average sea temperature indicated by fish δ18O values, Motani (2010) suggests they
may indicate homeothermy maintained by insulation or specialized circulation, rather than true
endothermy. He further suggests that gigantothermy may be a factor for mosasaurs, especially as
the highest body temperatures reported in Bernard et al. (2010) were for the large bodied
Tylosaurus.
A subsequent study by Harrell et al. (2016) further tested the endothermic properties of
mosasaurs, focusing on Clidastes, Platecarpus, and Tylosaurus specimens from the Mooreville
Chalk (Campanian) of North America. As in the Bernard et al. (2010), taxa were only identified
to the generic level. Harrel et al. utilized the bony fish Enchodus, the turtle Toxochelys, and the
toothed sea birds Hesperornis and Ichthyornis to represent poikilothermic and endothermic
endmembers. Cortical bone samples were analyzed alongside enamel samples (except in
Toxochelys, for which only bone was analyzed). The results of this analysis indicate that the δ18O
of the three mosasaur taxa were much closer to that of the birds, suggesting endothermy. Body
size effects appeared insignificant, as the largest mosasaur genus, Tylosaurus, displayed mean
δ18O values intermediate to those of the smaller genera. δ18O of cortical bone was found to be
strongly correlated with enamel samples, which suggests that minimal diagenesis had occurred,
and that in some cases bone can be substituted for enamel when the latter is not available. No
studies focused on enamel δ18O values from a single locality with such high species diversity as
that of the Bench 19 fauna have yet been conducted.
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3.2 Geology of Bench 19
The western coast of Angola preserves the history of the burgeoning South Atlantic and
provides a view of the impact this protracted event had on ecosystems in the Late Cretaceous.
Bench 19 at Bentiaba is located on the southern coast of Angola (Figure 3.1A). This site is in the
Mocuio Formation (Campanian-Maastrichtian), which overlies the Baba Formation. Both of
these formations are chronologically constrained by magnetostratigraphy and by a whole rock
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Ar/39Ar date of 84.6 ±1.5 Ma from the underlying Ombe Basalt (Fig 3.1B) (Strganac et al.,

2014). Paleomagnetic data recovered from the Ombe Basalt indicates that the fossiliferous layers
accumulated at a paleolatitude of approximately 24⁰ S. Biostratigraphy and magnetostratigraphy
date Bench 19 to between 71.4 and 71.62 MA and indicate that the accumulation of fossils
occurred within the 240 ky duration of chron 32n.1n (Husson et al., 2011; Strganac et al., 2015a).
The locality is named for its position above the 19th bench of resistant calcareous fine sandstone
within the Mocuio Formation.
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Fig 3.1. Location and stratigraphy of Bench 19, Bentiaba, Angola. (A) Simplified Bentiaba
stratigraphic column. (B) Map of Angola showing the location of the Bentiaba locality. Modified
from Strganac et al. (2015a).

The matrix of the fossiliferous marine strata is primarily fine-grained sandstone with very
little evidence of high energy transport or erosional features suggestive of frequent fluvial
influence or emersion (Strganac et al., 2014). Inoceramus shells were collected throughout its
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range in the Bentiaba section and their δ18O values were measured. Paleotemperature (T) was
then derived according to the equation of Kim and O’Neil (1997):
1000lnαcalcite-water = 18.03(103T-1) – 32.42
where αcalcite-water represents the fractionation factor between calcite and water. The
paleotemperature during the deposition of Bench 19 is estimated to have been ~18.5⁰C (Strganac
et al., 2015b).
3.3 Methods
Tooth specimens were selected from those collected at Bench 19 by Projecto
PaleoAngola and stored at Southern Methodist University, with preference being given to those
displaying relatively intact and unworn enamel surfaces. Taxa sampled include the mosasaurs,
Globidens phosphaticus (Fig 3.2), Prognathodon kianda (Fig 3.3), and ?Platecarpus ptychodon
(Fig 3.4). Specimens of the elasmobranch taxa Squalicorax and Ischyrhiza were selected to
represent a poikilothermic baseline from Bench 19 (Fig 3.5). Specimens chosen for sampling are
listed in Appendix II. Intact specimens were molded prior to the harvest of enamel samples in
order to preserve details of their surface anatomy.
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Fig 3.2. Globidens phosphaticus specimens from Bench 19. (A) PA 152. (B) PA 313. (C) PA 05.
(D) PA 24 NFD. (E) PA 24 T2. (F) PA 498. (G) PA 34. (H) PA 33. (I) PA 30. (J) PA 43. (K) PA
23. (L) PA 51 (M) PA 04 (N) PA 61. (O) PA 129. (P). PA 34. (Q) PA 505. (R) PA 60. (S) PA
62.

41

Fig 3.3. Prognathodon kianda specimens from Bench 19. (A) PA 40. (B) PA 50. (C) PA 56. (D)
PA 48. (E) PA 48. (F) PA 318. (G) PA 47. (H) PA 304. (I) PA 41. (J) PA 20A. (K) PA 20C. (L)
PA 22. (M) PA 306. (N) PA 13. (O) PA 20D. (P) w/PA 24.
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Fig 3.4. ?Platecarpus ptychodon and chondrichthyan specimens from Bench 19. (A). PA 117.
(B) S 17. (C) S 23. (D) S 18. (E) PA 37. (F). S 20. (G) S 24. (H) SQ 1. (I). SQ 8. (J). S 19. (K) S
16. (L) SQ 9. (M) SQ 2. (N) SQ 6. (O) SQ 11. (P) SQ 13.
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In order to prepare teeth for enamel harvest they were washed in an ultrasonic bath and
rinsed with distilled deionized water (DD H2O) to remove contaminants. Once dry, the enamel of
each specimen was scraped with a scalpel blade and at least 1 mg of enamel collected in a 1.5
mL micro-centrifuge tube. The harvested enamel was then processed according to the SMU
methods for preparation of Ag3PO4 from bioapatite, which is modified from O’Neil et al. (1994).
Samples were treated with 0.25 mL of 4% NaOCl overnight. After rinsing the samples with DD
H2O three times they were placed in an oven to dry overnight. The samples were then completely
dissolved in 100 μL of HNO3. After dissolution the pH of the solution was increased through the
addition of 76 μL of 0.5M KOH. 200 μL of 0.01g/mL (0.17M) KF was then added to the sample
in order to precipitate calcium from the solution. The sample was then centrifuged for 2 minutes
at 10,000 rpm and the supernatant transferred to a low binding tube. 250 μL of silver amine
solution was then added to the sample tubes and allowed to react with cracked lids overnight in a
50⁰ C water bath. The silver amine solution was prepared by dissolving 1.36g of AgNO3(s), 1.12g
of NH4NO3(s), and 5.76mL of Stock 20% (v/v) NH4OH in a total solution volume of 40mL.
After Ag3PO4 crystallization was complete the samples were again rinsed three times with DD
H2O, then allowed to dry. Once the samples were dry contaminants were manually removed
under a binocular microscope. The resulting Ag3PO4 was then transferred to silver sample boats,
crushed into cubes, and stored in drying ovens at 50⁰ C until they were analyzed in a high
temperature conversion elemental analyzer (TC/EA) at the University of Arkansas Stable Isotope
Laboratory. Phosphate standards were interspaced with unknown samples to allow for
calibration to international standards. δ18O values are reported in per mil (‰) units, relative to
Vienna standard mean ocean water (V-SMOW). Body temperature was then calculated using the
corrected biogenic apatite formula presented by Pucéat et al. (2010), shown below:

44

T(⁰C) = 118.7-4.22[(δ18OPO4+(22.6-(δ18ONBS120C))- δ18Owater]
Dentin samples were collected when possible and prepared according to the same
methods to serve as a test for diagenesis by comparison to enamel from the same tooth. Enamel
is generally considered to be resistant to diagenesis, while dentin is much more likely to be
altered due to its porous structure. Samples in which dentin and enamel values were convergent
were designated as potentially diagenetic. Samples without a dentin value for comparison were
also designated potentially diagenetic if the enamel values were within one standard error of
altered values or if the body temperature estimates recovered were lower than the ambient
temperature calculated by Strganac et al. (2015b).
3.4 Results
Fifty-one samples yielded δ18Oenamel values, of which twenty-seven also yielded δ18Odentin
values for diagenesis comparison. These results are summarized by taxon in Appendix II and
Figure 3.6. δ18Odentin values were 2‰-3‰ higher than δ18Oenamel in 65% of samples for which
both values were measured in a single tooth. This difference in values is taken to indicate an
unaltered enamel sample. Samples that did not fall within this range of separation tend to exhibit
convergence between δ18Odentin and δ18Oenamel values, which suggests that diagenetic alteration at
this locality results in a relatively lower δ18Odentin and relatively higher δ18Oenamel values. This
converging trend would yield a lower predicted body temperature than that of unaltered samples.
The dolomitization of inoceramid samples at this locality noted by Strganac et al. (2015b)
suggests that seawater circulation and exchange is the source of the observed diagenesis.
Elasmobranch samples yielded a mean body temperature estimate of 17.5°C (95% CI
15.4°C to 19.6°C), which is slightly lower than the ambient water temperature of 18.5°C
calculated from Inoceramus by Strganac et al. (2015b). Four of the Squalicorax samples (SQ 1,
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SQ 2, SQ 6, and SQ 8) were able to be tested for diagenesis. The δ18Odentin-δ18Oenamel separations
for SQ 2, SQ 6 and SQ 8 range were 0.80‰ 1.22‰ and 0.62‰, all of which suggest some
degree of diagenetic alteration. The presence of three potentially altered data points and the high
degree of variance (standard deviation of 4.5 °C) indicates that the mean calculated body
temperature for Squalicorax may have been lowered through diagenesis. None of the
indeterminate odontaspid samples displayed any indication of diagenesis.
Of the Globidens samples that yielded δ18Odentin values three show evidence of diagenetic
alteration (PA 05, PA 43, PA 34). The δ18Oenamel and δ18Odentin values for each of these specimens
appear to converge upon each other, suggesting that some degree of alteration has occurred. As
such these samples were deemed compromised and excluded from further analyses. Two
additional samples, PA 62 and PA 505, yielded δ18Oenamel values that were more than two
standard deviations from the mean, and are considered outliers. The body temperatures estimated
from these δ18Oename values are 6.3°C and 0.3 °C. These body temperatures are within or below
the range of critical minima for modern squamates measured by Spellerberg (1971). The critical
minimum for a species is the temperature range at which complete loss of locomotory ability and
righting reflexes occurs. The body temperatures recovered for PA 62 and PA505 are also
significantly below the estimated ambient water temperature at Bench 19. These samples are also
suspected of diagenetic alteration and are not included in further analyses. The remaining eleven
Globidens enamel samples yield a mean body temperature of 21.0 °C (95% CI 18.6°C to
23.6°C). Calculating body temperature using only those samples considered to be unaltered (PA
04, PA 30, PA 498, PA61, and PA 51) yields a mean temperature of 20.8°C (95% CI 17.6°C to
23.9 °C). These values are above the ambient water temperature estimates from both inoceramids
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(Strganac et al., 2015b) and co-eval elasmobranchs (this study), supporting the conclusion that
Globidens at Bench 19 displayed at least some endothermic capabilities.
Four Prognathodon samples show evidence of diagenesis. PA 306 has18 O enamel value of
21.64‰ and δ18 Odentin value of 20.56‰. This reversal of expected dentin and enamel values is
strongly suggestive of diagenesis. PA 304 and PA 48 yielded δ18 O enamel of 21.68‰ and 21.40‰.
Although no dentin value was recovered from these sample the similar value of its δ18 O enamel to
that of PA 306 suggests that they may have undergone diagenesis as well. The body temperatures
calculated from these samples (15.0°-16.1°C) provide further evidence for alteration as they are
below the ambient temperature of 18.5°C for Bench 19 calculated by Strganac et al. (2015b). The
fourth suspected sample, PA 56, also yielded a body temperature below the ambient water
temperature (15.89°C), which calls it into question despite the expected enamel-dentin
separation. The mean body temperature calculated from the remaining twelve samples is 20.3 °C
(95% CI 18.5°C to 22.0°C).
A single sample of ?Platecarpus ptychodon was collected, which yielded a δ18 O values
of 20.05‰ and 20.84‰ for enamel and dentin. The separation between these values is less than
that seen in unaltered Globidens and Prognathodon samples, and so may have been altered to
some degree. The calculated body temperature from this sample is 21.8°C. This body
temperature is consistent with Heingård’s conclusion that ?Platecarpus ptychodon displayed of
high metabolic and growth rates, as judged from bone histology of the humerus and vertebrae
(2014).
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Fig 3.5. δ18Oenamel, δ18Odentin, and body temperature of Bench 19 marine vertebrates
3.5 Discussion and Conclusions
The results of this study support the conclusion that mosasaurs obtained at least some
degree of endothermy. The 95% confidence interval calculated for Globidens is entirely above
the ambient water temperature as calculated from both inoceramid and elasmobranch δ18O. The
95% confidence interval for Prognathodon body temperature is likewise highly suggestive of
endothermy. These temperatures are consistent with the adjusted temperatures given in Motani’s
(2010) rebuttal to Bernard (2010) and with those of Harrel et al. (2016). Those studies reported
their results as a function of δ18OMosasaur- δ18Ofish. Plotting the data from the current study
alongside that of Bernard et al. (2010) and Harrel et al. (2016) (Figs 3.7 and 3.8) shows
Globidens δ18OMosasaur- δ18Ofish falling within the 95% confidence interval of Bernard, and
Prognathodon δ18OMosasaur- δ18Ofish is just outside. The mean δ18OMosasaur- δ18Ofish values of both
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taxa are comparable to the values obtained for other mosasaurs by Harrel et al. (2016). A source
of potential disagreement between the results of the current study and those of previous studies is
the high degree of potential diagenesis and large standard deviation displayed by the
elasmobranch specimens from Bench 19.
The high frequency with which diagenesis is observed to have occurred in this sample is
important as well. Although enamel is generally assumed to be resistant to exchange due to its
chemical structure and density, 34% of samples measured in this study are suspected of some
degree of diagenesis (based on comparison between δ18Oenamel and δ18Odentin values, agreement
with suspected values, or physiologically implausible calculated temperatures). Comparison of
enamel δ18Ophosphate values from this study to δ18Ocarbonate for Bench 19 specimens measured by
Strganac et al. (2015a) likewise indicates widespread diagenesis. Modern mammal δ18Ophosphate
and δ18Ocarbonate values were measured by Iacumin et al. (1996), and found to have a strong linear
correlation (slope=0.95, R2=0.98) (Figure 3.9 A). No such studies have been performed on
reptiles, although this relationship should theoretically be similar in all endothermic vertebrates.
Plotting the δ18Ophosphate and δ18Ocarbonate values of Bench 19 mosasaurs in a similar fashion does
not reveal any such relationship (Figure 3.9 B), and is evidence that diagenesis has occurred.
Diagenetic alteration at this locality is interpreted to positively shift the measured δ18O values,
based on presumed poikilothermic animals such as Squalicorax exhibiting body temperatures
lower than that calculated for Bench 19. If this is the case, the unaltered δ18O values should be
more negative than the measured values, which would in turn yield higher average body
temperatures. Alteration of this nature does not remove support from the conclusion that
mosasaurs at Bench 19 displayed some degree of endothermic capabilities.

49

Fig 3.6. δ18OPO4 values from this study added to the plot of δ18OMosasaur- δ18Ofish values presented
in Bernard (2010). The mean δ18OPO4 values of Globidens and Prognathodon are represented in
green and blue respectively.

Fig 3.7. Mean δ18OPO4 values of Bench 19 mosasaurs compared to the results of Harrel et al.
(2016). The mean δ18OPO4 values of Globidens and Prognathodon are represented in green and
blue respectively.
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Fig 3.8. Relationship between enamel δ18OCarbonate and δ18OPhosphate in mammals (A, Iacumin et
al., 1996) and Bench 19 mosasaurs (B).

51

CHAPTER 4
The Ontogeny of a New Pipid Frog from the Miocene of Ethiopia

A remarkable series of frog fossils was discovered in the course of a paleobotanical
investigation of dark shales in an early Miocene volcanic crater fill in the Mush Valley, Ethiopia.
The Mush Valley frogs represent arguably the most complete growth series of Cenozoic frogs in
Africa. It is unique in comprising tadpoles and adults displaying soft tissue preservation. The soft
tissue residue is primarily the dark pigment eumelanin (Colleary et al., 2015). The purposes of
this paper are to describe the anatomy and ontogeny of this new taxon, to evaluate its systematic
position through phylogenetic analysis, and to provide it a name.
The anuran specimens considered in this study were recovered from carbonaceous
lacustrine shales exposed by the Mush River, approximately 160 km northeast of Addis Ababa,
Ethiopia (Fig 4.1). 238U/206Pb dates on ash layers below the fossiliferous strata constrain the age
of the fossils to less than 21.736 ± 0.05 Ma (Fig 4.2; Pan et al. 2012). The fossiliferous strata are
finely bedded shales indicative of a low energy depositional environment. The anuran fossils
reported herein are primarily concentrated in two stratigraphic layers separated by 1 m,
informally dubbed ‘deathbeds.
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The site is characterized by a high degree of organic preservation, indicative of low oxygen
levels at the time of deposition. A significant assemblage of leaf, seed, and fruit compressions
was recovered, as well as only the second termite body fossil known from Africa (Engel et al.,
2015). The leaves were found to have intact cuticle. (Pan et al., 2012; Engel et al., 2011; Engel et
al., 2015). In addition to the ontogenetic series of frogs described here, other rare vertebrate
remains include cichlid fish, turtle shell fragments, teeth, vertebrae and a partial femur
Fig 4.1. Location of the Mush Valley in Ethiopia.
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Fig 4.2. Stratigraphic section of Mush sediments. Arrow indicates ash with 238U/206Pb dates.
Stars at 7.5 m and 8.5 m mark strata containing anuran fossils.
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of a small crocodilian, canine, partial humerus and atlas vertebra of an anthracothere, and an M3
of the rodent Diamantomys sp. (Fig 4.3). The cichlid fish were found in a silty ash bed cooccurring with frog skeletons, but the other taxa were found higher in the section, 11 m above
the upper frog deathbed.
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Institutional Abbreviations. NME, National Museum of Ethiopia.; SMU, Southern Methodist
University.; UT, University of Texas, Austin.

Fig 4.3. Non-anuran vertebrate fossils from Mush. (A) Anthracothere canine. Scale bar equals 5
cm. (B) Diamantomys sp. M3. Scale bar equals 1 cm. (C) Anthracothere atlas vertebra. Scale bar
equals 5 cm. (D) Partial crocodilian femur. Scale bar equals 5 cm.
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4.1 Materials and Methods
Specimens were exposed through quarrying and most were coated in the field with
polyvinyl acetate or wrapped in tissue and newspaper and allowed to dry slowly to minimize
cracking and flaking of the shale. Some specimens were instead coated with Paleobond stabilizer
in the field, which limited further preparation. The Mush Valley specimens are housed
permanently at the National Museum of Ethiopia in Addis Ababa. Ninety specimens were
collected. All specimens were examined in Ethiopia and fifty-five were borrowed and brought to
SMU for more extensive examination. Those specimens sample a growth series, including
eighteen larvae (tadpoles) in various stages of development. Seventeen of the adult specimens
preserve almost the entire skeletal anatomy. All specimens show some degree of soft tissue
preservation indicating body outline and, in some cases, display discernible anatomical structures
including keratinous “claws” in adults, and eyes, sensory barbels, and nerves in larvae before or
in the earliest stages of skeletal ossification. The frog assemblage at Mush appears to be
monospecific, considering the uniform adult morphology. Larvae are assumed to belong to the
same taxon as the adults due to close association in the same strata and discrete characters that
indicate similar familial affinity of larvae and adults.
All specimens were photographed at SMU and the NME with a Canon EOS 7D digital
camera fitted with a macro lens. Manual preparation was not practical due to the delicate nature
of the remains, and their close association with the fissile clay matrix. All but two adult
specimens (Mu 8-4 and Mu 22-33) are preserved as coronal sections; as such, dorsal cranial
features remain imbedded in matrix and are not visible in gross examination. CT scans of two
specimens (Mu 39-75 and Mu 39-78) were obtained at the High Resolution X-ray CT Facility at
the University of Texas (Mu 39-75: 1024x1024 images, slice thickness 1 line = 0.07283 mm,
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inter-slice spacing 1 line = 0.07283 mm, field of reconstruction 65 mm, 1397 total final slices.
Mu 39-78: 1024x1024 images, slice thickness 1 line = 0.04704 mm, inter-slice spacing 1 line =
0.04704, field of reconstruction 44 mm, 1023 total final slices) (Figure 4.4). These data were
processed with Image J (Rasband 2012) and AMIRA 5.3.3 software at SMU to produce highresolution three-dimensional digital models of these two specimens. The counterparts were then
merged in Blender to form a single composite image for each specimen (Figures 4.5).
Osteological descriptions are based on these models, with modifications and additions based on
observations of other adult specimens (Figure 4.7). The 3D models were compared with figures
in the literature, cleaned and stained specimens of Xenopus and Silurana species (X. muelleri, X.
laevis, X. wittei, X. clivii, X. fraseri, X. boumbaensis, X. amieti, X. ethiopiensis, S. epitropicalis,
S. tropicalis) from the University of Kansas and Texas Natural History Collection herpetological
collections (See Appendix VI for full specimen list) and a 3D model of Xenopus laevis courtesy
of the Digital Morphology Library at UT (Digimorph Staff, 2003;).
Complete adult specimens, as represented by the CT imaged specimens Mu 39-75 and
Mu 39-78, were coded using the characters presented in Báez et al. (2007, Appendix IV), with
reference to the character descriptions in Báez and Pugener (2003) and Cannatella and Trueb
(1988). Two new characters were added here (characters 59, 60 in Appendix 1). A third state was
added to Báez et al.’s (2007) character 3 to reflect the autapomorphic state of the nasals in the
Mush specimens. Character 60, presence or absence of barbels in larvae, was scored for the
Mush anurans from Mu 42-11 and for other taxa with reference to Sokol (1977). An additional
17 pelvic characters from the updated matrix in Báez et al. (2012) were also included. The
resulting data matrix of twenty-seven taxa and seventy-seven characters was analyzed using
search methods in TNT (Appendix 2; Goloboff 2008).
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Fig 4.4. Specimens scanned to produce 3D reconstructions. (A) MU 39-75. (B) MU 39-78. Scale
bars equal 1 cm.
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Fig 4.5. 3D reconstructions of CT scanned specimens. (A) MU 39-75. (B) MU 39-78.

Fig 4.6. (A) Detail of holotype skull Mu 39-75. (B) Interpretation of same. Scale bars equal 1
cm.
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4.2 Systematic Paleontology
ANURA Fischer von Waldheim, 1813
XENOANURA Savage, 1973 (= Pipoidea Ford and Cannatella, 1993)
PIPIDAE Gray, 1825
XENOPODINAE (Cannatella and de Sá, 1993)
Atratarana, gen. nov.
Type and only known species- Atratarana amharae, sp. nov.
Etymology-Generic name from the Latin atratus, clothed in black, and rana, frog (feminine), in
reference to the recovery of eumelanin pigments and the animal’s overall dark coloration.
Diagnosis- As for species.
Atratarana amharae sp. nov.
Etymology-Specific name is given for the Amhara Kilil of Ethiopia, where the Mush Valley is
located.
Diagnosis- Xenopodine pipid possessing the following autapomorphies (1,2) and combination of
characters (3, 4): 1) prominent laterally flared rostral processes of the nasal, and 2) posterolateral
expansions of the frontoparietal; and combination of characters: (3) fused nasals, (4) separate
first and second presacral vertebrae (Figure 4.5).
Holotype- Mu 39-75
Referred specimens- Postmetamorphic specimens: Mu 8-4, Mu 42-11, Mu 15-5A, Mu 42-2, Mu
42-28, Mu 41-13, Mu 42-3, Mu 42-16, Mu 42-22, Mu 42-7, Mu 15-5B, Mu 42-13, Mu 42-10,
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Mu 42-1, Mu 32-2A & 2B, Mu 41-21, Mu 8-1, Mu 9-2, Mu 42-23, Mu 39-78, Mu 40-35, Mu 4037, Mu 42-18, Mu 42-12A, Mu 42-44(B), Mu 22-34, Mu 42-14, Mu 40-36, Mu 42-15, Mu 3977, Mu 42-17, Mu 42-25, Mu 42-21, Mu 42-26, Mu 42-24, Mu 42-5, Mu 42-19B, Mu 42-19A,
Mu 42-9, Mu 42-20, Mu 39-75, Mu 42-8, Mu 42-44, Mu 22-33, Mu 42-29, Mu 39-80, Mu 22-7,
Mu 22-9, Mu 22-10, Mu 22-17, Mu 22-13, Mu 30-1, Mu 22-18, Mu 22-8, Mu 22-15, Mu 22-14,
Mu 22-38, Mu 22-39, Mu 22-6, Mu 22-16, Mu 22-36, Mu 22-35A/B, MU 22-8, Mu 22-37, Mu
22-17, , Mu 22-40A/B, Mu 24-1F, Mu 20-13, Mu 5-8A/B, Mu 42-47, Mu 22-31A, Mu 22-31B,
Mu 44-6, Mu 42-38, Mu 42-39, Mu 42-31, Mu 42-32, Mu 42-36, Mu 42-40, Mu 42-35, Mu 4237, Mu 42-30, Mu 21-1, Mu 33-42, Mu 30-24, Mu 32-11, Mu 32-12. Larval specimens: Mu 3343 A/B, Mu 42-34A+B, Mu 22-31A, Mu 22-31B, Mu 44-6, Mu 42-38, Mu 42-39, Mu 42-32, Mu
42-36, Mu 42-40, Mu 42-35, Mu 42-37, Mu 42-12B, Mu 42-34.

4.3 Description

Preserved body outlines of adult frogs indicate an oblong elliptical shape, tapering
slightly posteriorly. The head is broad and rounded anteriorly. The thigh and shin are wellmuscled, while the arms are gracile with long narrow fingers. Adults have a snout-vent length
ranging from 2.1 to 7.1 cm, with the majority of individuals clustered between 2.5-4.0 cm
(Figures 4.7 and 4.8, Table 4.1). This cluster is interpreted to represent a single age cohort,
considering the range of sexual dimorphism seen in modern pipids (Kobel et al., 2002). Larger
individuals represented in this population are likely survivors from an earlier age cohort. This
size distribution is consistent with population structures observed by by Du Preez et al. (2005) in
South Africa and by Measey (2001) in feral U.K populations of X. laevis, which are
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characterized by greater mortality among younger adults. The following adult descriptions are
taken from the holotype, unless noted otherwise.
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Figure 4.7. Adult Atratarana amharae. (A) Mu 15-5A. (B) Interpretation of same. Scale bar
equals 1 cm.
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Figure 4.8. Histogram showing distribution of adult snout vent lengths of Atratarana amharae.
N=17
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Specimen number

Snout-vent length (cm)

Mu8-4

5.493

Mu8-1

6.028

Mu9-2

6.608

Mu15-5A

3.883

Mu 42-2

3.785

Mu 48-28

2.530

Mu 42-7

2.430

Mu 15-5B

2.078

Mu42-13

3.231

Mu42-21

3.539

Mu42-19A/B

4.693

Mu42-9

3.147

Mu 39-75

7.197

Mu 42-31

2.791

Mu42-35

2.473

Mu 40-37

3.276

Mu 40-36

3.893

Table 4.1. Snout-Vent length of adult Atratarana amharae.
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Skull
The skull is dorsoventrally compressed, rounded anteriorly and broader than long, with
posterolateral margins extending beyond the occipital condyles. The greatest width is found at
the posterior margin of the skull.
Nasals. The nasals are fused and have broadly curving posterior margins, with an anterior
margin roughly perpendicular to the midline. The medial portion of the nasals is robust and is
more lobe shaped and flaring than those of other Xenopus species and appears to be the result of
the investment of heavily ossified nasal cartilage by the fused nasals. The full extent of this
ossification is obscured by matrix in the majority of unprepared specimens, although it is visible
in the CT scanned holotype and in Mu 42-13, Mu 42-30, and Mu 42-40 (Figures 4.10, 4.11, and
4.12). The total length of the nasal bones is 2.3 mm; the shortest anterior-posterior dimension is
1.3 mm. The posterior width is 5.8 mm, the narrowest point is 2.1 mm (medial width) and the
anterior width is 2.6 mm. The planum antorbitale is also fully ossified.
Premaxilla. The premaxilla possesses a prominent alary process on the pars facialis and
bears pointed monocuspid teeth (Figure 4.12).
Maxilla. The maxilla overlaps the premaxilla anteriorly. The pars facialis is reduced. The
pars palatina is present along the length of the maxilla. The maxillae bear conical teeth.
Quadratojugal and Quadrate. The quadratojugal is absent, while the quadrate is small and
triangular.
Pterygoid. The pterygoid is T-shaped dorsally. The anterior process of the pterygoid is
elongate, curving laterally towards the arc of the maxilla, with which it articulates. The lateral
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process extends to the lateral margin of the otic capsule, widening to form the ventral floor of the
capsule. The medial process is rounded and slightly overlaps the parasphenoid.
Squamosal. The squamosal is conch shaped, with a wide lateral margin. A narrow
anterior process of the squamosal projects along the pterygoid.
Frontoparietal. The frontoparietal is a single fused element that is rounded anteriorly and
has projecting posterolateral processes (Figure 4.9). The anterior margin of the frontoparietal
overlaps the nasals (Mu42-19B).
Vomer. The vomer is azygous (Mu42-7, Mu 42-17) and rhomboidal. It is positioned
ventral to the parasphenoid and anteromedial to the sphenethmoid.
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Fig 4.9. Adult Atratarana amharae. (A) Mu 42-30 in dorsal view. (B) Interpretation of same.
Scale bar equals 1 cm.
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Fig 4.10. Adult Atratarana amharae. (A) Mu 42-7. (B) Interpretation of same. Scale bars equal 1
cm.
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Fig 4.11. Adult Atratarana amharae. (A) Mu 42-40. (B) Interpretation of same. Scale bar equals
1 cm
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Fig 4.12. Adult Atratarana amharae. (A) Mu 42-13. (B) Interpretation of same. Scale bar equals
1 cm
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Sphenethmoid. The sphenethmoid is triangular, with wide anterior margins, and
sigmoidal edges tapering to a point anterior to the widest portion of the parasphenoid.
Parasphenoid. The parasphenoid is long and lanceolate, extending to the maxillary arcade
anteriorly. It is narrow anteriorly, but expands laterally past the posterior margin of the
sphenethmoid. This expansion continues towards the otic capsules. Medial to the otic capsules
the parasphenoid narrows until it reaches the foramen magnum. The parasphenoid lacks lateral
alae.
Angulosplenial and Dentary. The angulosplenial extends along most of the dentary length
and has a prominent bladelike coronoid process projecting medially. Both the angulosplenial and
the dentary are robust. The dentary lacks teeth.

Postcranial Skeleton
Presacral Vertebrae. Eight opisthocoelous presacral vertebrae are present. Vertebrae I and
II are unfused. Vertebrae II – IV bear ribs fused to the transverse processes. Only rib III is
significantly curved. Presacral vertebrae V-VIII have prominent laterally directed dorsoventrally
flattened transverse processes.
Sacrum. The sacrum (IX) possesses expanded diapophyses that sharply flair anteriorly
and posteriorly. These articulate with the dorsal surfaces of the ilia. The postsacral vertebrae are
coalesced into a long slender urostyle, which is fused to the sacrum. Although the urostyle has
broken away from the sacrum in Mu 37-75, this fusion is clearly visible in other adult specimens.
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Fig 4.13. Adult Atratarana amharae. (A) Mu 42-19B. (B) Interpretation of same. Scale bar
equals 1 cm
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Pectoral Girdle. The clavicles are robust, curved anteriorly and expanded medially. The
lateral extremity is fused to the pars acromialis of the scapula. A shallow medial notch separates
the pars acromialis from the glenoid region, which makes up greater than one third of the total
scapular length. The coracoid is narrow and elongate, and is of similar length to the clavicle.
Forelimb. The humerus possesses a prominent deltopectoral crest on its proximolateral
aspect and a large head. The radius and ulna are fused, with a length approximately 2/3rds that of
the humerus. The carpal elements are not well preserved in any specimens, possibly due to
incomplete ossification. The ulnare and postaxial centrale appear as distinct elements, as is the
case in Xenopus and Silurana. The metacarpals are narrow and elongate, accounting for ~60% of
total digit length. The phalanges are narrow with the distal phalanx tapering to a fine point. All
four digits are approximately equal in length (Mu 42-30), with a phalangeal formula of 3-3-4-3
(Figure 4.9).
Pelvic Girdle. The blade of the ilium is elongate, dorsoventrally compressed, and bears a
dorsolateral crest along its anterior margin articulating with the sacrum. The articulation between
the left and right ilia is U shaped, lacking pre-acetabular and supra-acetabular expansions (Figure
4.10). The ischium is expanded laterally to form the posterior wall of the acetabulum. The
combined ischia form a prominent anteriorly projecting ridge. The pubis is fully ossified.
Hind Limb. The femur is robust and slightly sigmoidal, with curvature occurring
primarily at the distal end. This strongly resembles the curvature observed in segmented CT
images of Xenopus presented by Matthews and du Plessis (2016). The high degree of crushing
prevents cortical thickness from being evaluated. The tibiofibula is fully ossified and robust
distally. The tibiale and fibulare are of equal size. With respect to the midline of the limb, they
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Fig 4.14. Adult Atratarana amharae. (A) Foot of Mu 42-19B showing keratinous claw. (B)
Interpretation of same. Scale bar equals 1 cm
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Fig 4.15. Atratarana amharae foot with keratinous claw. (A) Mu 42-19B. (B) Interpretation of
same. Scale bar equals 1 cm.
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Fig 4.16. Atratarana amharae foot with keratinous pre-hallux claw. (A) Mu 15-5B. (B)
Interpretation of same. Scale bar equals 1cm.

possess straight lateral margins, but are concave medially. There is a prominent, cone-shaped
prehallux, which bears a claw (Mu 15-5B, Figure 4.13). All digits include an elongate metatarsal,
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comprising >50% of the total digital length. The phalangeal formula is 2-2-3-3+-3. The distal
end of digit IV is not clearly observed in any specimen, although at least 3 phalanges are
discernable and 4 are present in Xenopus (Henrici and Báez, 2001). Digits I-III bear keratinous
claws (seen in Mu42-8, Mu 42-19B, Mu15-5A, Figs 4.14, 4.15). The pre-hallux also bears a
keratinous claw (seen in Mu 15-5B, Fig 4.17).
Ontogeny
A recent review of the fossil record of tadpoles by Gardner (2016) emphasizes the
usefulness of larval specimens in understanding the relationships among anuran groups. The
Mush assemblage represents a nearly complete metamorphic sequence including both
premetamorphic tadpoles and mature adults, which allows for comparisons with extant species
and with other fossil pipid larva. A similar ontogenetic sequence is preserved in the Oligocene
Palaeobatrachus described by Roćek and Van Dijk (2006). Atratarana amharae appears to
follow the same ossification pattern as extant Xenopus laevis.
Eighteen individuals in the Mush collection represent non-adult ontogenic stages, ranging
from tadpole through post-metamorphic juveniles. These are binned into six ontogenic
categories, which are assigned to Nieuwkoop and Faber’s (1967) numbered stages by similarity
in degree of external anatomical development, loss of larval characteristics, and acquisition of
adult features (i.e., progressive ossification, limb development, reduction of tail). Wild Xenopus
have been observed to spawn more than once in a breeding season, which may account for the
diversity of developmental stages preserved (Tinsley et al. 2002). The degree of ossification in
each stage of A. amharae larvae was compared to that seen in extant X. laevis.
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Fig 4.17. Atratarana amharae tadpole. (A and B) MU 42-11 and interpretation. (C and D) Detail
of MU 42-11 cranial anatomy and interpretation. Scale bars in A and B equal 1 cm, scale bars in
C and D equal 5 mm. I = cranial nerve I; II = cranial nerve II; V, = cranial nerve V; ams = a.
maxillaris superioris; b = barbel; br = brain; e = eye; nac = nasal capsule; nc = notochord.
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The most immature observed developmental stage comprises two tadpoles with
ossification ranging from none to trace ossification of the frontoparietals. Mu 42-11(Figure 4.17)
preserves the body (total length = 2.5 cm), while Mu 42-36 (Figure 4.19) lacks the posterior
portion of the tail. The absence of clearly visible limb buds suggests a Nieuwkoop and Faber
(NF) stage <48, when these structures are clearly displayed (Nieuwkoop and Faber, 1994). Both
specimens preserve clearly observable eyes and cranial nerves. The base of a sensory barbel is
present at the anterior margin of Mu 42-11. Total barbel length is uncertain due to preservation.
This barbel is invested with a branch of the trigeminal nerve (CN V). The barbel is more
pronounced than indicated by NF staging for modern Xenopus.

Fig 4.18. Atratarana amharae tadpole. (A) MU 42-36. (B) Interpretation of same. Scale bar
equals 1 cm.
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Fig 4.19. Atratarana amharae tadpole. (A) Mu 42-20. (B) Interpretation of same. Scale bar
equals 1 cm. fp = frontoparietal; otoc = otocipital
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Mu 42-1 and Mu 42-20 are tadpoles with well ossified paired frontoparietals, otocipitals,
and vertebrae (Figures 4.19 and 4.20). Posterior and anterior limb buds are visible, but
undeveloped. Mu 42-1 clearly displays the eye and optic nerve. A third tadpole, Mu 42-20
(Figure 4.20), preserves only the anterior portion. These are comparable to NF stages 47-52.

Fig 4.20. Atratarana amharae tadpole. (A) Mu 42-20. (B) Interpretation of same. Scale bar
equals 1 cm.

Mu 42-23, Mu 42-16, Mu 42- 34, Mu 42- 37 and Mu 42-22 are characterized by
developed limb buds, but a lack of ossification in the limb elements (Figures 4.21, 4.22, 4.23,
4.24, and 4.25). Mu 42-23 displays the beginnings of the maxillary ossification (Figure 4.21),
which is not observed in other specimens. It has discernable eyes, but the limb buds appear
poorly developed.
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Fig 4.21. Atratarana amharae tadpole. (A) Mu 42-23. (B) Interpretation of same. Scale bar
equals 1 cm.
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Fig 4.22. Atratarana amharae tadpole. (A) Mu 42-16. (B) Interpretation of same. Scale bar
equals 1 cm.
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Fig 4.23. Atratarana amharae tadpole. (A) Mu 42-34. (B) Interpretation of same. Scale bar
equals 1 cm.
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Fig 3.24. Atratarana amharae tadpole. (A) Mu 42-22. (B) Interpretation of same. Scale bar
equals 1 cm.
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Fig 4.25. Atratarana amharae tadpole. (A) Mu 42-37. (B) Interpretation of same. Scale bar
equals 1 cm.
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Limb buds in Mu 42-34 (Figure 4.25) are not preserved clearly. Mu 21-2 and Mu 42-34 also
display the early stages of parasphenoid ossification. These specimens correspond to NF stages
54-59. They are more fully ossified than extant Xenopus tadpoles of comparable NF stages
(Roček and Van Dijk 2006).
The fourth stage at Mush includes specimens with ossified limb elements. These long
bones are incomplete, however, and are not articulated. The pelvic girdle is visible, but not
completely ossified (Figures 4.26 and 4.27). Mu42-12 displays ossified metatarsals and
phalanges. Histological studies of modern X. laevis indicate that claw sheath formation initiates
at this stage of development (Maddin et al., 2007; Maddin et al., 2009). No evidence of claws is
seen in these specimens. The ossification of the cranium appears to be more advanced than in
similarly staged examples of Shomronella jordanica (Chipman and Tchernov, 2002). The
posterior position of the forelimb in these specimens suggests NF stages 59-60.
Mu 42-33 represents a late stage metamorphic individual with fully ossified limbs and
girdles (Figure 4.28). The sacral diapophyses are not yet fully expanded, and the sacro-urostyle
suture is still visible. Although only the base is preserved, a prominent tail is suggested. This
specimen is comparable to NF stages 62-63.
The most mature pre-adult developmental stage preserved at Mush is represented by
Mu42-25, a fully ossified specimen that possesses a visible tail (Figure 4.29). The pubic
symphysis and acetabular region are not well preserved, but appear to be fully ossified and
articulated with the proximal femur. The tip of a claw is preserved at the end of digit 1 on the
right hindlimb. Three ribs are visible on presacral vertebrae II-IV. The length of the tail indicates
NF stage 64.
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Fig 4.26. Atratarana amharae tadpole. (A) Mu 42-3. (B) Interpretation of same. Scale bar equals
1 cm.
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Fig 4.27. Atratarana amharae tadpole. (A) Mu 42-12. (B) Interpretation of same. Scale bar
equals 1 cm.
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Fig 4.28. Atratarana amharae tadpole. (A) Mu 42-33. (B) Interpretation of same. Scale bar
equals 1 cm.
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Fig 4.29. Atratarana amharae juvenile (A) Mu 42-25. (B) Interpretation of same. Scale bar
equals 1 cm.

Coloration
Forty-five Mush specimens are surrounded by a dark grey-black film representing soft
tissue and preserving the body outline. Scanning electron microscopy and time of flight mass
spectrogaphy revealed these films to be composed of densely packed melanosomes containing
the pigment eumelanin (Colleary et al., 2015). Eumelanin is a dark brown or black pigment
found in epidermal derivatives such as feathers, hair, and in the keratinous ‘claws’ of
xenopodines (Glass et al., 2012). The density of melanosomes within sampled areas is uniform.
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There is no indication of variation in melanosome distribution as has been documented in banded
fossil bird feathers and fish eyes (Lindgren et al., 2012, 2015; Vinther et al., 2008). The
characteristic spectra recovered through time of flight secondary ion mass spectrography
(Colleary et al., 2015) are comparable to modern melanin in black pigmented samples. Nonmelanin chromatophores play a significant role in coloration of tetrapods outside of Mammalia,
and these are less likely to survive fossilization (Vinther, 2015). As such melanosome
preservation alone is not sufficient to accurately reconstruct living coloration in anamniotes.
4.4 Phylogenetic Analysis
The Wagner search algorithm (1000 replications) in TNT (Goloboff, Farris, and Nixon,
2008) returned a single most parsimonious tree with length of 186. This most parsimonious tree
places the Mush anurans sister to Silurana tropicalis, with Xenopus laevis in the outgroup
position among the three taxa (Fig 4.30). The Mush frog displays the following pipid
synapomorphies (character number: character state): length of rostrum one quarter or less of
skull length (2:1); frontoparietals and nasals overlapping (4:1); frontoparietals fused (5:1);
incomplete maxillary arcade (19:1); conch shaped squamosals (26:2); pterygoid expanded to
form otic plate (31:1); blade-like angulosplenial coronoid process (34:1); opisthocoelous
vertebrae (43:1); larvae with free ribs, which fuse to transverse processes in adults (47:2); fusion
of sacrum and urostyle (48:1); ilium lacking supra- and preacetabular expansions (55:1, 56:1);
and ossified pubis (57:1). The Mush frog displays one unequivical autapomorphic trait,
prominent rostral processes on fused nasals (3:3), and one equivocal trait, posterolateral
expansions of the frontoparietal (6:1). These expansions also appear in the Pelobates +
Limnodynastes and Pachycentrata + Singidella clades. The distribution of this character suggests
that the morphology was independently derived in the taxa that possess it. In other characters the
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Mush frog agrees with Xenopus laevis. It differs from Silurana tropicalis in the possession of
fused vomers.

Fig 4.30. Single most parsimonious tree of 186 steps. Numbers underneath branches represent
Bremmer support values.

4.5 Discussion and Conclusions
The Mush anurans are assigned to a new genus and species of xenopodine pipid,
Atratarana amharae, based on the unique distribution of characters and autapomorphic nasals.
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Although Silurana is no longer formally recognized as a distinct taxon by some authors, (Pauly
et al., 2009) sufficient morphological and genetic differences have been established to support its
validity at the generic level (Evans et al., 2004). Recognition of both genera as subgenera of
Xenopus has been a philosophical preference up until now, given the established monophyly of
xenopodine pipids. However, the phylogenetic position of A. amharae as sister S. tropicalis, with
X. laevis as an outgroup, strongly supports the independence of these genera. The relationships
recovered by this analysis suggest that A. amharae can serve as a molecular divergence
calibration point within Xenopodinae, showing fossil evidence for divergence between Xenopus
and Silurana by approximately 21.73 Ma. This date is logically consistent with the fossil record
of pipids. The xenopodine pipids Saltenia ibanezi and Vulcanobatrachus mandelai are known
from the Santonian-Campanian (86.3-78.1) of Argentina and the Campanian (83.8-72.1 Ma) of
South Africa (Roćek, 2000; Trueb et al., 2005). The earliest known Xenopus species was named
from the Oligocene (30.2-26.5 Ma) of Yemen (Báez and Pugener, 2003). Molecular clock
estimates of divergence by Evans et al. (2004) suggest that Silurana diversified at 17.6 Ma,
which is likewise consistent with the presence of Atratarana at 21.6 Ma.
Speciation amongst Xenopodines is unique due to the presence of both bifurcating and
reticulate evolutionary pathways, including a high frequency of genome duplication through
allopolyploidization and hybridization (Evans et al., 2004; Evans, 2008). This frequent
hybridization and genome duplication can result in postzygotic reproductive isolation, in the
form of reduced fertility of F1 crosses and lethal gene deletions in subsequent generations.
Prezygotic reproductive isolation between species is also common due to difficulties in mating
caused by both sexual dimorphism and intraspecific size differences in sympatric populations
(Evans et al., 2008). Allopatric speciation due to habitat fragmentation or occasional migration
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occurs relatively easily as well in this primarily aquatic group, given their limited ability to travel
overland between bodies of water. Recent genetic analysis of modern Ethiopian pipids X. clivii
and X. largeni indicate that the rift valley serves as an almost complete barrier to migration
(Evans et al., 2011), although molecular phylogenies suggest the divergence of X. clivii occurred
at 32.3 Ma, prior to the onset of rifting. Xenopodine pipids demonstrate marked differences in
habitat preference between subgroups. Silurana is typically confined to tropical forests, such as
those occurring at Mush, as is the X. fraseri subgroup. The X. laevis species group is more
common in open environments (Tinsley et al., 2002).
The combination of genetic instability, frequent hybridization, restricted dispersal ability,
pronounced intraspecific size, and elaborate mating behavior results in a group that is extremely
prone to variation and speciation. The diversification of Xenopodines pipids in the late
Oligocene and early Miocene coincides with the onset of uplift in the Ethiopian Plateau as
revealed by the incision rate of the Blue Nile Gorge (Pik et al., 2003: Gani et al., 2007). This
tectonic event may have been a significant source of habitat fragmentation and resulting in
allopatric speciation events. Subsequent continued isolation of these lineages may have allowed
an accumulation of diversity to the point that different generic designations are required.
The environment at Mush in the Miocene was an anoxic lake in a wet forested area, as
evidenced by the high degree of organic preservation in the sediments and the variety and
composition of broad-leaved plant taxa. Among these are Newtonia mushensis (Fabaceae) and
Tacca umeri (Dioscoreaceae). Today, the genus Newtonia is a tall forest tree with a center of
distribution in Central and West Africa, and Tacca is a widely distributed understory plant in
secondary forests, although only one species is found today in Africa. Together, these taxa and at
least 50 others, including species within the Araceae, Clusiaceae, Euphorbiaceae,
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Malpighiaceae, Rutaceae, Nymphaceae, and Salviniaceae are consistent with a high moist forest
surrounding the ancient lake (Pan et al., 2012, 2014). The dark coloration of extant Xenopus gilli
serves as camouflage in the dark waters of South Africa in which they live, an analog similar to
what we propose for Atratarana amharae.
The frogs at Mush, found along two horizons separated by 1 m, represent resident
breeding populations. The turtle, crocodilian, and mammalian specimens are found 11 m higher
in the section. The transition from Late Oligocene to Early Miocene (23 Ma at the boundary) in
Africa is marked by the introduction of new mammalian immigrant groups, including fissiped
carnivores, sciuroid and muroid rodents, tragulids, bovids, giraffids, and rhinoceroses, beginning
at about 24 Ma (Kappelman et al., 2003; Sanders et al., 2004; Rasmussen and Gutierrez, 2009).
At 21.7 Ma, Mush is currently the oldest dated Miocene locality in Africa; however, the
hystricognath rodent Diamantomys and an anthracothere artiodactyl represent holdovers from the
Paleogene and are not Miocene immigrants. Xenopodine frogs have been present in Africa since
the Cretaceous, when Africa became a unique continent, with the split between modern
xenopodine lineages occurring less than 21.7 Mya.
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APPENDIX I
NODOSAUR CHARACTER DESCRIPTIONS AND MATRIX

1. Antorbital fenestra: present (0), absent (1).
2. Lateral temporal fenestra, visible in lateral view: visible (0), not visible (1).
3. Supratemporal fenestra: open (0), closed (1).
4. Skull dimensions, including ornamentation: longer than wide (0), as wide, or wider than long
(1).
5. Width of the posterior margin of the skull (including squamosal horns where applicable)
relative to the maximum width across the orbits: greater or equal (0), less (1).
6. Antorbital region of the dorsal skull surface: flat (0), arched (1).
7. Deep longitudinal furrow on premaxilla: absent (0), present (1).
8. Ornamentation on premaxillary beak: absent (0), present (1).
9. Premaxillary sinus: absent (0), present (1).
10. Dimensions of premaxillary palate: longer than wide (0), wider than long (1).
99

11. Shape of the premaxillary palate: sub-triangular (0), sub-quadrate (1), sub-oval (2).
12. V or U-shaped median indentation of the anterior margin of the premaxilla: absent (0),
present (1).
13. Caudoventral extension of premaxillary tomium in lateral view: ends anteriorly to the
maxillary teeth (0), obscures anteriormost maxillary teeth (1).
14. Bone bordering anterior margin of internal nares: premaxilla (0), maxilla (1).
15. External nares, defined as the outermost rim of the nasal vestibule, opening faces: laterally to
anterolaterally (0) anteriorly (1) ventrolaterally (2).
16. External nares, visible in dorsal view: visible (0), hidden (1).
17. Paranasal apertures/fossae: no fossae or apertures present besides primary opening for nasal
airway (0), paranasal apertures/fossae present (1).
18. Shape of respiratory passage: straight or arched (0), with anterior (rostral) and posterior
(caudal) loops.
19. Vascular impressions on dorsal surface of posterior nasal passage (airway): absent (0) present
(1).
20. Frontonasal and/or frontoparietal cranial ornamentation: absent (0) rugose, not differentiated
into discrete polygons (caputegulae) (1), differentiated into discrete polygons
(caputegulae) (2).

100

21. Number of caputegulae in frontonasal and prefrontal region: no caputegulae (0), 10 or fewer
(1), 11 to 30 (2) more than 30 (3).
22. Majority of frontonasal and/or frontoparietal caputegulum relief: caputegulae absent (0),
caputegulae concave or flat (1), caputegulae strongly bulbous (2).
23. Domed frontonasal caputegulae: domed caputegulae absent (0), rounded cones with circular
bases (1) pyramidal with sharp edges (2).
24. Supranarial caputegulae, notch or embayment dorsal to nasal vestibule: no supranarial
caputegulae (0), notch absent (1), notch present (2).
25. Number of internarial caputegulae: none (0), 1 (1), more than 1 (2).
26. Median nasal caputegulum (located posterior to the supranarial ornamentation, on the
midline of the skull), which is at least twice as large as the other frontonasal caputegulae:
absent (0), present (1).
27. Loreal caputegulum in lateral view: no caputegulum (0) 1 caputegulum (1), more than 1
caputegulum (2).
28. Shape of the maxillary tooth row: straight (0), medially convex (1).
29. Maxillary tooth row position: lateral margin of skull (0), inset (1).
30. Distance between posteriormost extent of maxillary tooth rows relative to the width of the
premaxillary beak: wider (0), narrower (1).
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31. Caudoventral secondary palate: absent (0), present (1).
32. Posterior palatal foramen: absent (0), present (1).
33. Gap between palate and braincase: open (0), closed by a dorsal projection of the pterygoid
(1).
34. Lacrimal incisure (mediolateral constriction behind the nares/at the prefrontals, giving the
skull an hourglass-shaped outline in dorsal view): absent (0) present (1).
35. Lacrimal caputegulum in lateral view: no caputegulum (0) 1 caputegulum (1), more than 1
caputegulum (2).
36. Prefrontal caputegulum: no caputegulum (0) flat (1), sharply pointed and pyramidal (2).
37. Scroll-like descending process of the frontal: absent (0) present (1).
38. Form of supraorbitals (including ornamentation): absent (0), boss-like, rounded laterally (1),
sharp lateral rim, forming a ridge (2).
39. Supraorbitals, when viewed dorsally: no supraorbitals (0), combine to form continuous edge
(1), have distinct apices (2).
40. Orbits, angle of orbital axis: <40º (0), >40º (1).
41. Ciliary osteoderm (eyelid ossification): absent (0) present (1).
42. Development of the postocular shelf: not developed (0), completely separating orbit from
temporal space (1).
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43. Proportions of jugal orbital ramus: depth greater than transverse breadth (0), transverse
breadth greater than depth (1).
44. Depth of jugal ramus relative to orbit height: jugal height is less than 15% orbit height (0),
jugal height is more than 15% orbit height (1).
45. Accessory postorbital ossification: absent (0), present (1).
46. Squamosal/postorbital horn: no horn (0) base has broad triangular cross-section and overall
shape is pyramidal (1), base is oval in cross-section and overall shape is narrow, tapered
cylinder (2).
47. Shape of jugal/quadratojugal horn in dorsal view: quadratojugal horn absent (0), horn Ushaped, with round distal edge (1), horn triangular, with pointed distal edge (2).
48. Jugal/quadratojugal horn: no horn (0) lacks distinct neck at base (1), has distinct neck at base
(2).
49. Jugal or quadratojugal horn size relative to orbit size: no horn (0), length of base of
jugal/quadratojugal horn equal to or less than the length of the orbit (1), length of base of
jugal/quadratojugal horn is 110% or greater length of orbit (2).
50. Small (<2 cm diameter), circular caputegulae posterolateral to orbit (postocular caputegulae),
along ventral edge of squamosal horn and/or along dorsal edge of quadratojugal horns:
absent (0), present (1).
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51. Form of the parietal surface: parietals flat to slightly convex (0), parietals concave, forming a
trough-like surface posterior to the supraorbitals and anterior to the posterior edge of the
skull (1).
52. A single large medial polygon of ornamentation in the parietal region: absent (0), present (1).
53. Number of discrete nuchal caputegulae: none (0), 2 (1), greater than 2 (2).
54. Posterior projection of the nuchal shelf: does not obscure occiput in dorsal view (0), obscures
occiput in dorsal view (1).
55. Shape of quadrate in lateral aspect: curved (anteriorly convex, posteriorly concave) (0),
straight (1).
56. Inclination of quadrate in lateral aspect: near vertical (0), almost 45º anterolaterally (1).
57. Form of the anterior surface of the quadrate: transversely concave (0), not concave (1).
58. Ventral projection of the mandibular process of the quadrate in lateral view: projects beyond
the quadratojugal ornamentation (0), hidden by quadratojugal ornamentation (1).
59. Form of quadrate mandibular extremity: symmetrical (0), medial condyle larger than lateral
condyle (1).
60. Inclination of the articular surface of the quadrate condyle in posterior view: horizontal (0),
ventromedially inclined at approximately 45° to horizontal (1)', 61 'Lateral ramus of the
quadrate: present (0), absent (1).
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62. Dorsoventral depth of the pterygoid process of the quadrate: deep (0), shallow (1).
63. Contact between paroccipital process and quadrate: sutural (0), fused (1).
64. Contact between pterygoids: pterygoids separate caudomedially, forming an interpterygoid
vacuity (0), pterygoids joined medially forming a pterygoid shield (1).
65. Direction of the pterygoid flange: anterolateral (0), anterior/parasagittal (1).
66. Contact between basipterygoid processes and pterygoid: sutural (0), fused (1).
67. Position of ventral margin of the pterygovomerine keel relative to alveolar ridge: dorsal (0),
level (1).
68. Dorsal extent of median vomer lamina: does not meet skull roof (0), meets skull roof (1).
69. Pterygoid foramen: absent (0), present (1).
70. Position of posterior margin of pterygoid body relative to the anterior margin of the quadrate
condyle: anteriorly positioned (0), in transverse alignment (1).
71. Size of occiput: higher than wide (0), wider than high (1).
72. Direction of paroccipital process extension: caudolateral (0), lateral (1).
73. Bones forming the occipital condyle: basioccipital and exoccipital (0), basioccipital only
(1).
74. Length of basisphenoid relative to the basioccipital: longer (0), shorter or equal (1).
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75. Form of basisphenoidal tuberosities: medially separated rounded rugose stubs (0), continuous
transverse rugose ridge (1).
76. Size of basipterygoid processes: twice as long as wide or over (0), less than twice as long as
wide (1).
77. Form of the cranial nerve foramina IX-XII: separate foramina (0), single foramen shared with
the jugular vein (1).
78. Position of mandible articulation relative to mandibular adductor fossa: posterior (0),
posteromedial (1).
79. Mandibular fenestra: present (0), absent (1).
80. Depth of the dentary symphysial ramus relative to half the maximum depth of the mandibular
ramus in lateral view: deeper (0), shallower (1).
81. Shape of dorsal margin of the dentary in lateral view: straight (0), sinuous (1).
82. Development of the coronoid process: not developed (0), distinct (1).
83. Position of glenoid for quadrate relative to mandibular axis: medially offset (0), in line (1).
84. Size and projection of the retroarticular process: small with no dorsal projection (0), well
developed with a dorsal projection (1).
85. Size of predentary ventral process: distinct, prong shaped process (0), rudimentary eminence
(1).
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86. Length of mandibular caputegulum with respect to the length of the mandible: less than or
equal to half the length (0), over three quarters the length (1).
87. Premaxillary teeth: present (0) absent (1).
88. Cingula on maxillary and/or dentary teeth: absent (0), present (1).
89. Maxillary and/or dentary tooth crown shape: pointed (0), rounded (1).
90. Maxillary and/or dentary tooth denticles: >13 denticles (0), <13 denticles (1)
91. Number of dentary teeth: <25 (0), >25 (1).
92. Type of articulation between the atlantal neural arch and intercentrum: open (0) fused in
adult (1).
93. Type of contact between the atlantal neural arches: no median contact (0), median contact
(1).
94. Contact between atlas and axis: articulated (0), fused (1).
95. Dimensions of cervical vertebrae centra: anteroposteriorly longer than transverse width (0),
anteroposteriorly shorter than transverse width (1).
96. Ratio of maximum neural spine width to height in anterior cervicals: <0.25 (0), ?0.25 (1).
97. Ratio of anteroposterior dorsal centrum length to posterior centrum height: >1.1 (0), <1.1 (1).
98. Longitudinal keel on ventral surface of dorsal centra: present (0), absent (1).
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99. Cross sectional shape of neural canal in posterior dorsals: circular (0) elliptical, with long
axis running dorsoventrally (1).
100. Shape of the proximal cross-section of the dorsal ribs: triangular (0), ‘L’- or ‘T’-shaped
(1).
101. Attachment of dorsal ribs to posterior dorsal vertebrae: articulated (0), fused (1).
102.Contact between posteriormost dorsal vertebrae: articulated (0), fused to form a presacral
rod (1).
103. Longitudinal groove in ventral surface of the sacrum: absent (0), present (1).
104. Longitudinal ridge at approximate mid-height of centrum of mid and distal caudals: absent
(0) present (1).
105. Ratio of maximum distal width to height of the neural spines of proximal caudals: ?0.2 (0),
>0.2 (1).
106. Direction of the transverse processes of proximal caudals: craniolaterally projecting (0),
caudolaterally projecting (1), laterally projecting (2).
107. Persistence of transverse processes down the length of the caudal series: not present beyond
the mid-length of the series (0), present beyond the mid-length of the series (1).
108. Attachment of haemal arches to their respective centra: articulated (0), fused (1).
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109. Extent of pre- and postzygapophyses over their adjacent centra in posterior vertebrae:
extend over less than half the length of the adjacent centrum (0), extend over more than
half the length of the adjacent centrum (1).
110. In tail club handle vertebrae, shape of each interlocking neural arch in dorsal view: distal
caudal vertebrae do not form handle (0), V-shaped, angle of divergence about 22-26° (1),
V-shaped, angle of divergence about 35-37° (2), U-shaped, angle of divergence greater
than 60° (3).
111. Shape of the posterior haemal arches: rounded haemal spine in lateral view with no contact
between haemal arches (0), inverted ‘T’-shaped haemal spine in lateral view, with contact
between the ends of adjacent spines (1).
112. Ossified tendons in distal region of tail: absent (0), present (1).
113. Dimensions of coracoid: longer than wide (0), wider than long or equal width and length
(1).
114. Form of the anterior margin of the coracoid: convex (0), straight (1).
115. Cranioventral process of coracoid: absent (0), present (1).
116. Size of coracoid glenoid relative to scapula glenoid: sub-equal (0), half the size (1).
117. Contact between scapula and coracoid: articulated (0), fused (1).
118. Scapula glenoid orientation: ventrolateral (0), ventral (1).
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119. Ventral process of scapula at the caudoventral margin of glenoid: absent (0), present (1).
120. Form of the scapula acromion process: not developed or ridge-like along the dorsal border
of the scapula (0) flange-like and folded over towards the scapula glenoid (1) ridge
terminating in a knob-like eminence (2).
121. Orientation of the acromion process of scapula: directed away from the glenoid (0), directed
towards scapula glenoid (1).
122. Scapulocoracoid buttress: absent (0), present (1).
123. Distal end of scapula shaft: narrow (0), expanded (1).
123. Distal end of scapula shaft: narrow (0), expanded (1).
124. Contact between sternal plates: separate (0), fused (1).
125. Length of the preacetabular process of ilium as a percentage of total ilium length: ≤ 50% (0),
> 50 % (1).

126. Angle of lateral deflection of the preacetabular process of the ilium: 10º?20º (0), 45º (1).
127. Orientation of the preacetabular portion of the ilium: near vertical (0), near horizontal (1).
128. Form of the preacetabular portion of the ilium: straight process (0), pronounced ventral
curvature (1).
129. Lateral edge of ilium in dorsal view: straight (0), sinuous (1).
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130. Lateral exposure of the acetabulum: exposed (0) acetabulum partially obscured as it is
partially encircled by the distal margin of the ilium (1).
131. Perforation of the acetabulum: present, open acetabulum (0), absent, closed acetabulum (1).
132. Postacetabular ilium length, relative to diameter of acetabulum: greater (0), smaller (1).
133. Pubis: present (0), indistinct from ilium (1).
134. Shape of ischium: straight (0), ventrally flexed at mid-length (1).
135. Shape of the dorsal margin of ischium: straight or concave (0), convex (1).
136. Separation of humeral head and deltopectoral crest in anterior view: continuous (0),
separated by a distinct notch (1).
137. Separation of humeral head and medial tubercle in anterior view: continuous (0), separated
by a distinct notch (1).
138. Ratio of deltopectoral crest length to humeral length: ?0.5 (0), >0.5 (1).
139. Orientation of deltopectoral crest projection: lateral (0), anterolateral (1).
140. Shape of the radial condyle of humerus round / proximal end of radius in end-on view: noncircular (0), circular (1).
141. Ratio of the length of metacarpal V to metacarpal III: ?0.5 (0), >0.5 (1).
142. Manual digit number: 5 (0), 4 (1), 3 (2).
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143. Shape of manual and pedal ungual phalanges: narrow, claw-shaped (0) wide, hoof-shaped,
U-shaped in dorsal view (1), wide, hoof-shaped, triangular in dorsal view (2).
144. Angle between long axis of femoral head and long axis of shaft: <100º (0), 100º to 120º (1),
>120º (2).
145. Separation of femoral head from greater trochanter: continuous (0), separated by a distinct
notch or change in slope (1).
146. Differentiation of the anterior trochanter of the femur: separated from femoral shaft by a
deep groove laterally and dorsally (0), fused to femoral shaft (1).
147. Oblique ridge on lateral femoral shaft, distal to anterior trochanter: absent (0), present (1).
148. Form of the fourth trochanter: pendant (0), ridge-like (1).
149. Location of the fourth trochanter on the femoral shaft: proximal (0) distal, over half-way
down the femoral shaft (1).
150. Maximum distal width of the tibia, compared to the maximum proximal width: narrower
(0), wider (1).
151. Contact between tibia and astragalus: articulated (0), fused, with suture obliterated (1).
152. Number of pedal digits: 5 (0), 4 (1), 3 (2).
153. Phalangeal number in pedal digit IV: 5 (0), ?4 (1).
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154. Postcranial osteoderm distribution: no postcranial osteoderms '(0)'; postcranial
osteoderms arranged in multiple transverse rows (1); postcranial osteoderms primarily
present in two rows along midline (2).
155. Dimensions of largest osteoderm: no osteoderms (0) smaller than a dorsal centrum (1),
equal to or larger than a dorsal centrum (2).
156. Basal surface of osteoderms: no osteoderms (0) flat or gently concave (1), deeply excavated
(2), strongly convex (3).
157. External cortical histology of skeletally mature osteoderms: no osteoderms (0) lamellar
bone (1), ISFB (2).
158. Haversian bone in osteoderms: no osteoderms (0) absent in core of skeletally mature
osteoderms (1), may be present in in core of skeletally mature osteoderms (2).
159. Basal cortex of skeletally mature osteoderms: no osteoderms (0) present (1), absent or
poorly developed (2).
160. Structural fiber arrangement in osteoderms: no osteoderms (0) structural fibres absent (1),
reaches orthoganal arrangment near osteoderm surfaces (2), diffuse throughout (3),
highly ordered sets of orthoganally arranged fibers in the superficial cortex (4).
161. Gular osteoderms: absent (0), present (1).
162. Number of distinct cervical pectoral bands: none (0), one (1), two (2) three (3).
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163. Form of cervical half rings: cervical half rings absent (0), composed of osteoderms that are
either tightly adjacent to one another or coossified at the edges, forming arc over the
cervical region (1), composed of osteoderms and underlying bony band'(2),
164. Composition of first cervical half ring with band: no cervical half ring with band (0), first
cervical half ring has 4 to 6 primary osteoderms only (1), first cervical half ring has 4 to 6
primary osteoderms surrounded by small (<2 cm diameter) circular secondary osteoderms
(2).
165. Distal spines on cervical half ring: absent (0), present, projecting dorsoposteriorly (1),
present, projecting anteriorly (2).
166. Osteoderms on proximal limb segments: absent (0), present (1).
167. Millimeter-sized ossicles abundant in spaces between osteoderms in thoracic or caudal
regions (excluding pelvic region), absent (0), present (1)',
168. Deeply excavated, dorsoventrally flattened triangular osteoderms: absent (0), right or
obtuse-angled triangles (1), right or obtuse-angled triangles that

abruptly narrow

distally into a spike (''splates'' of Blows 2001) (2).
169. On deeply excavated triangular osteoderms, furrows perpendicular to basal edge: no deeply
excavated triangular osteoderms (0), furrows absent (1), furrows present (2).
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170. Lateralmost osteoderms in thoracic region: absent (0), ovoid or sub-ovoid with a
longitudinal keel (1) triangular, dorsoventrally flattened elements (2), solid, conical
spikes (3).
171. Thoracic osteoderms coossified to dorsal ribs: no osteoderms coossified to ribs (0), at least
some osteoderms coossified to ribs (1).
172. Form of pelvic osteoderms: no osteoderms (0) unfused (1), coossified osteoderm rosettes
(2), coossified evenly-sized polygons (3).
173. Caudal osteoderms: absent (0), present on dorsal or dorsolateral surfaces of tail only (1),
completely surrounding tail (2).
174. Morphology of proximal, lateral caudal osteoderms: osteoderms absent (0), triangular with
round/blunt apex (1) triangular with pointed apex (2).
175. Keel height of caudal osteoderms relative to thoracic osteoderms: osteoderms absent (0),
keels equal in external-basal height (1), keels taller in caudal osteoderms (2).
176. Tail club knob shape: knob absent (0), major knob osteoderms semicircular in dorsal view
(1), triangular in dorsal view (2).
177. Tail club knob proportions: knob absent (0), tail club knob length > width (1), length =
width (2), width > length (3).
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APPENDIX II
BENCH 19 FAUNAL LIST
Chondrichthyes
Elasmobranchii
Squalicorax pristodontus
Odontaspidae indet.
cf. Ganopristis sp.
Brachyrhizodus sp.
Osteichthyes
cf. Eodiaphyodus sp.
Enchodus sp.
Testudines
Cheloniidae
Euclastes sp.
Protostegidae
124

?Calcarichelys sp.
Protostega sp.
Toxochelyidae
Toxochelys sp.
Squamata
Mosasauridae
Globidens phosphaticus
Halisaurus n. sp.
Mosasaurus sp.
Phosphorosaurus sp.
‘Platecarpus' ptychodon
Prognathodon kianda
Plesiosauria
Elasmosauridae
Aristonectinae sp.
Cardiocorax mukulu
Pterosauria
Ornithocheiroidea indet.
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Dinosauria
Ornithopoda
Hadrosauroidea indet.
Ornithopoda indet.
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APPENDIX III
δ Oenamel, δ Odentin, AND BODY TEMPERATURE OF BENCH 19 MARINE
18

18

VERTEBRATES

Specimen
PA 04
PA 05
PA 30
PA 311
PA 313
PA 34
PA 43
PA 498
PA 61
PA 62
PA 33
PA 152
PA 23
PA 24
NFD-D
PA 24T2
PA 29
PA 505
PA 51
PA 60
PA 304
PA 306
PA 318
PA 40
PA 41
PA 47
PA 48

Taxon
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Globidens
Prognathodon
Prognathodon
Prognathodon
Prognathodon
Prognathodon
Prognathodon
Prognathodon

δ18Oenamel
(‰)

δ18Odentin(‰)

Tb (°C)

20.2544417
21.321335
20.1954476
21.1293542
20.4584213
22.0822589
22.0652606
20.3094362
19.1805491
23.7460925
21.226964
21.0494592
7.0486024

22.4522219
21.2403431
22.1562515
22.5142157
22.2422429
22.311236
21.931274
21.73668
20.7352432

20.98826
16.48597
21.23721
17.29613
20.12746
13.27487
13.3466
20.75618
25.52008
6.25349
16.88421
17.63328
76.7169

17.9975096
22.2424664
20.991684
25.1514984
21.5876808
19.1945712
21.6842987
21.6403031
20.0294642
20.560661
20.6873984
21.2643407
21.4033268

21.7640472
23.4527048
20.5564115
22.2592412
23.339075
23.7160955
-

30.51251
12.59879
17.87709
0.322677
15.36199
25.46091
14.95426
15.13992
21.93766
19.69601
19.16118
16.72648
16.13996
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PA 48B
PA 50
PA 56
PA 13
PA 20B
PA 20C
PA 20D
PA 22
W/PA 24
PA 117
SQ1
SQ2
SQ 6
SQ8
SQ 9
SQ 11
SQ 13
SQ 16
SQ 17
SQ 18
SQ 19
SQ 20
SQ 23
SQ 24
PA 37

Prognathodon
Prognathodon
Prognathodon
Prognathodon
Prognathodon
Prognathodon
Prognathodon
Prognathodon
Prognathodon
?Platecarpus ptychodon
Squalicorax
Squalicorax
Squalicorax
Squalicorax
Squalicorax
Squalicorax
Squalicorax
Odontaspid indet.
Odontaspid indet.
Odontaspid indet.
Odontaspid indet.
Odontaspid indet.
Odontaspid indet.
Odontaspid indet.
Ischyrhiza

21.1093562
20.996588
21.463298
20.8528208
20.4585304
20.1088384
20.9399904
18.8469064
19.2969448
20.054231
19.5797392
21.118384
21.097874
22.259684
22.230887
21.088937
22.099811
19.712639
20.909204
20.363054
20.195237
20.766212
22.417571
20.087993
22.25174
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22.853498
22.872365
23.082881
21.0109424
22.557696
22.3793024
20.5720536
20.844659
21.8603392
21.9211552
22.320257
22.880309
-

17.38052
17.8564
15.88688
18.4631
20.127
21.6027
18.09524
26.92805
25.02889
21.83315
23.8355
17.34242
17.42897
12.52613
12.64766
17.46669
13.2008
23.27466
18.22516
20.52991
21.2381
18.82859
11.85985
21.69067
12.55966

APPENDIX IV
PIPID CHARACTER LIST AND MATRIX
From Báez et al. 2007.
Cranial characters
1. Skull shape in lateral profile: rounded (0), wedge-shaped (1).
2. Length of rostrum: one-third, or more, of the skull length (0), one quarter, or less, of the skull
length (1).
3. Nasals: 0, paired (0), fused (1), fused, with prominent rostral processes (2).
4. Frontoparietals and nasals, relationship: not overlapping (0), overlapping (1).
5. Frontoparietals: paired (0), fused (1).
6. Frontoparietals, posterolateral extensions: absent (0), present (1).
7. Frontoparietal fenestra, anterior margin: sphenethmoidal ossification composes anterior
margin (0), anterior margin cartilaginous (1).
8. Olfactory foramina: bound completely or partially in bone (0), bound in cartilage (1).
9. Planum antorbitale: partially or completely cartilaginous (0), completely ossified/mineralized
between sphenethmoid medially and maxillary arcade laterally (1).
10. Margins of the optic foramina: composed of cartilage and sphenethmoidal ossification (0),
composed completely of sphenethmoidal ossification (1).
11. Floor of the braincase in the orbital region: rounded (0), distinctly angled (1).
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12. Eustachian canal: absent (0), present a deep furrow in prootic (1), present as shallow anterior
depression in prootic (2).
13. Inferior perilymphatic foramina: present, not ventral to jugular foramina (0), present,
ventral to jugular foramina (1), absent (2).
14. Superior perilymphatic foramina: present (0), absent (1).
15. Premaxilla, palatine process: not daggerlike (0), daggerlike (1).
16. Maxilla, pars facialis: not or slightly overlapping premaxilla (0), overlapping premaxilla
with pointed process that reaches alary process; (1), nearly or completely covering
premaxilla anteriorly (2).
17. Maxilla, antorbital process: absent; (0), present (1).
18. Maxilla, partes in the orbital region: distinct (0), not distinct (1).
19. Maxillary arcade: complete (0), incomplete (1).
20. Septomaxillae: small and complex (0), large and arcuate (1).
21. Vomers: medial to the choanae (0), posterior to the choanae only (1), absent (2).
22. Parasphenoid, relationship to braincase: not fused (0), partially or completely fused (1).
23. Parasphenoid, alae: present (0), absent (1).
24. Parasphenoid, anterior extent: not reaching maxillary arcade (0), reaching maxillary arcade
(1).
25. Parasphenoid, posteromedial extent: extending near the ventral margin of the foramen
magnum (0), ending well anteriorly to the ventral margin of the foramen magnum (1).
26. Squamosal, shape: T-shaped without stapedial process; (0), T-shaped with stapedial process;
(1), conch-shaped (2).
27. Squamosal, zygomatic ramus: well developed (0), reduced or absent (1).
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28. Pterygoid knob: absent; (0), present (1).
29. Pterygoid, position of the anterior ramus: medial to maxilla (0), dorsal to maxilla (1), anterior
ramus absent (2).
30. Pterygoid, medial ramus: present, lacking indentation; (0), present, with indentation; (1),
absent (2).
31. Pterygoid, configuration in otic region: not expanded; (0), expanded to form an otic plate (1).
32. Pterygoid, contact between medial ramus and parasphenoid: limited or no contact; (0),
extensive contact (1).
33. Pterygoid, fusion of pterygoid and otic capsule: not fused; (0), fused (1).
34. Angulosplenial, coronoid process: poorly developed; (0), blade-like (1).
35. Mentomeckelian bone: present; (0), absent (1).
36. Jaw articulation, position: lateral to the otic capsule (0), at the anterior margin of the otic
Capsule (1).
37. Teeth: pedicellate (0), non-pedicellate (1), absent (2).

Hyobranchium
38. Posteromedial process, length: length less than half the anteroposterior length of the lower
jaw (0), length more than half the anteroposterior length of the lower jaw (1).
39. Posteromedial process, anterior end: wider than posterior end; (0), narrower than posterior
end (1).
40. Parahyoid bone: present (0), absent (1).
41. Ceratohyal (= hyale): not ossified (0), ossified (1).
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Postcranial characters
42. Vertebral centra, shape: cylindrical (0), depressed (1).
43. Vertebral centra, articulation facets: notochordal (0), opisthocoelous (1), procoelous (2).
44. Postzygapophyses, articulation facets: flat (0), with grooves and ridges (1), curved ventrally
(2).
45. Presacral vertebrae, neural spines: sagittal (0), parasagittal (1).
46. Presacral Vertebrae I and II: separate, weak or no imbrication; (0), separate, broad
imbrication; (1), fused (2).
47. Ribs: free ribs present in larvae and adults (0), free ribs present in larvae and fused to
transverse processes in adults (1), ribs absent in larvae and adults (2).
48. Sacrum and urostyle: not fused (0), fused (1).
49. Clavicle, relationship to scapula: lateral end contacts medial edge of pars acromialis (0),
lateral end overlaps anterior edge of scapula (1), lateral end is fused to scapula (2).
50. Clavicle, medial end: not expanded; (0), expanded (1).
51. Scapula, proportions: glenoid area one-third total length of the scapula; (0), glenoid area
more than one-third total length of the scapula (1).
52. Scapula, medial notch: present (0), absent (1).
53. Cleithrum: not covering the posterior edge of the suprascapular cartilage (0), covering part
of the posterior edge of the suprascapular cartilage (1).
54. Coracoid, sternal expansion relative to coracoid length: sternal expansion less than half the
length of the coracoid (0), sternal expansion nearly half the length of the coracoid (1), sternal
expansion nearly the length of the coracoid (2).
55. Ilium, supra-acetabular expansion: present (0), absent (1).
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56. Ilium, preacetabular expansion: present (0), absent (1).
57. Pubis: cartilaginous (0), ossified (1).
58. Distal os sesamoides tarsale: absent; (0), present (1).
59. Barbels in Larvae: Absent (0), multiple small barbels; (1), elongate paired barbels,
characterized by cartilaginous support, basal muscle attachment and containing the
external nasal branch of nerve V1 (2).
60. Keratinous claws on pedal digits: Absent (0), present (1).

Additional pelvic characters from Baez et al. 2012
1. Iliac shaft: shape of the proximal cross-section of the pars cilindriformis (0), circular or
nearly so, iliac shaft not compressed mediolaterally (1), vertically oval, iliac shaft compressed
mediolaterally (2).
2. Iliac shaft, shape of the distal cross-section of the pars cilindriformis: circular or nearly so,
iliac shaft uncompressed (0), horizontally oval, iliac shaft fairly compressed dorsoventrally
(1), flattened, iliac shaft much compressed dorsoventrally (2).
3. Dorsal prominence, relative height with respect to that of the acetabular fossa: very low (0),
low to moderately high (1), very high (2).
4. Dorsal prominence, shape in lateral profile: 0, bell-shaped, symmetrical or nearly so with both
anterior and posterior margins gently sloping (0), rectangular, symmetrical or nearly so with
both anterior and posterior margins steep (1), clearly asymmetrical with a posterior convex
slope and an anterior margin steep and slightly concave (2).
5. Dorsal prominence, orientation in dorsal aspect: not inclined, vertically directed (0), inclined
medially (1), inclined laterally (2).
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6. Dorsal prominence, relative position of its apex with respect to the anterior margin of
acetabular fossa: clearly posterior; (0), approximately same level (1), clearly anterior (2).
7. Dorsal protuberance: inconspicuous (0), conspicuous (1).
8. Dorsal protuberance, shape: elongate, projecting laterally (0), nearly rounded, projecting
Laterally (1), globose, projecting dorsolaterally (2).
9. Dorsal crest: absent (0), present as a low ridge (1), well developed as a flange (wider than one
half of the shaft width) (2).
10. Dorsal crest, longitudinal extension relative to the iliac shaft length: restricted to distal half
of the iliac shaft (0), extends along the anterior three fourths of the iliac shaft (1), extends
lengthwise or nearly so (2), restricted to the proximal part of the iliac shaft (3).
11. Dorsal crest, orientation: directed dorsally (0), directed dorsolaterally (1), directed laterally
(2).
12. Oblique ridge, short ridge anterior to the acetabulum on the lateral surface of the shaft:
absent or barely evident (0), distinct (1).
13. Interiliac scar: absent to narrow (0), ample, but restricted to ventral part of ilia (1), ample
both ventrally and dorsally (2).
14. Angle between the margin of the ventral acetabular expansion and the ventral margin of the
iliac shaft in acetabular view: acute (0), nearly straight (1), obtuse (0).
15. Dorsal acetabular expansion, lateral exposure in acetabular view: broad (0), narrow but
distinct (1), minimal, inconspicuous (2).
16. Ilium and ischium, relation: not fused (0), fused to each other (1).
17. Ischium, shape of the posterior wall of the acetabulum in dorsal view: slightly concave (0),
deeply concave (1).
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